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May, 1 194? “TIMBER TESTS 


all of which had served for some 23 years as structural ‘parte of 


Golden Gate International Exposition | buildings at San Francisco, | Calif. were” 
pea) from these obelldines when they were dismantled, stored for some weeks 


in the open air, and later were tested for failure in a large testing frame con- 


structed especially for this purpose. ~ Also, one hundred and three laborator ry 


specimens, constructed to find the loteest resistance of nails i in plywood a 


‘shearing and d buckling strength of plywood ps panels, wer were tested. 
, Spans, as, and d sizes 8. Thirteen were were entirely 


of ‘timber. ' Seven of these had connections framed with split ay or — 


of wood and | with tension me steel The thirty-seven joints with 


shear plates, 8, split rings, and b bolts were re of 1 various us types: Seventeen t with mem-— _ =e 
“bers ‘connected, by steel gusset plates: and shear. plates, with plywood 


gusset plates bolts, two joints and four splices with 1 split six bolted 


spliced joints of girders resisting moment and shear, two butt-bloeck end j oints 


of trusses, , three joints with steel straps and pins, two bolted joints with seal 2 
straps, and four  laboratory- built tension splices or compression splices with | 


plywood splice plates split rings. One spaced column, two T-section 
columns and s struts, eighty-two nail fastenings i in plywood, three plywood panels > 

in 1 shear, and eighteen plywood panels subjected to buckling we were 2 also tested. 

applied w with calibrated hydraulic jacks.  Deflections of each 


truss as a whole, as well as s deformations of its component parts, were measured 
during the Progressive | loadings. Likewise, deflections and deformations were 


“measured i in the various joints, columns, and plywood tests. Ni umerous photo- 


illustrate the features of interest i in the tests. ests. 


Loads and stresses were “computed after: each test. For example, the 
strength or weakness of each truss and ite parts was theoretical y 


correlate test and structural theory. 


ae 


Gavantoen trusses thirty-seven ioints of structural frames and three [Aft 
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This report presents: Tests and studies of the load- -carrying capacity, 
strength, ‘deflection, and of members of full-sized wood trusses; 


similar tests of joints of wood trusses and structural frames, splices o of wood 


A. FOREWORD 


: girders, and built-up y wood columns; : tests of the buckling and shearing strength } 
of plywood panels; and tests of the lateral strength of nail fastenings i in ply- 
Pheresllonal trusses | had supported the roofs or floors of the Golden Gate 
International Exposition buildings for 2 or more years, and were » made available 
for testing: when the buildings were dismantled in 1941. All test specimens 
> 4 were taken intact from these buildings, | or were fabricated of material from 
them. Most of the trusses were framed with modern timber connectors (that 

is, split rings and shear ar plates) although some | had bolted joints - without con- 


* ~ nectors and others were framed with web members of steel rods and wood 


struts, 

These tests and their analyses ¢ are believed to be unique in presenting ~ 

comprehensive. study of actual y vood trusses and structural members, ‘not de- hut 


and constructed as test specimens. . The structural members had fune- “Seas 
tioned as ‘as parts of buildings for 2} years; they were generally o of good material: %. 
a they had been designed by competent structural engineers; they had been built ae 

a under or rdinary field circumstances and under varying conditions of inspection; dov 
3 and, finally, , they we were tested as taken from the buildings with such defects : as a 
normally « exist, without ti tightening loose bolts and (except in a few cases spe- “hol 
cifically noted, . where trusses were damaged while e being taken down) without § bor 
correcting any deficiencies resulting from service. 


‘The original purpose was to take advantage of an opportunity y seldom avail 


7 able; namely— —(1) to test entire trusses in  plaes ie the buildings, under 1 normal J OOF 

= of f use as nea nearly as possible with the various defects of workmanship i“ 
commercial practice; (2) to study the relation between labora- ve 
tory tests of individual members or joints and their combinations as found in spe 
framed structures; (3) to determine w hether factors had been overlooked in , t 
design, construction, inspection, or maintenance on which more information - wl 
™4 was needed; (4) to note the effect of shrinkage and other factors that develop Bug 
in service; and (5) to test individual joints with multiple connectors and with a0 
several | for rming concentric or eccentric connections. “fai 
_ It became necessary, however, to demolish many of the buildings before it B bo 
was possible to test their trusses in place. Asa substitute, : although not so | te 


the individual trusses were tested, as isolated specimens in a ‘specially 
constructed testing frame. Some of these trusses were of types in which th 
. nfluence of tension perpendicular to the grain w was an important factor. These 
- tests revealed for the first time the importance of considering this stress com- 
bined with horizontal shear or other stress in eccentr ically connected joints. 

- a Neither the assumed loads nor the unit stresses for which the trusses were 
designed are known to the committee. _ The trusses and the structures all 
_ functioned satisfactorily. . Asa a result, it is entirely possible that, in the case 
_ of some of the critical conditions found | in testing =~ joints and trusses to 


ultimate load, ‘the ¢ designing. engineer may he 
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strength of a 2 member or joint, fully tlie: that. eccentricities (for. na 


produced additional stress which required reduction of stress from direct : pel 
loading, 


Phenomena revealed by the tests and and discussions 
of these phenomena may be noted as follows: 

+ % The inadequacy of small individual tests as a premise for determining 
the behavior and strength of full- sized structures; 
ua 2. The importance of considering the effect of com 


combined stresses and the 
need for further tests and more data on this subject; — 


i: 3. The importance of adequate supervision or inspection to assure accuracy 

of fabrication and erection; 


na 4, The tendency of a truss chord to rotate when tension members. are con- 


“nected c on one side and compression members on the | other, resulting i in —— 
or bowing of web members flatwise; 

a 3 The need of keeping adjacent faces of members i in contact by tightening. 
‘nuts on bolts when it has been necessary to use lumber that has not been 
“seasoned to the moisture content to which ‘it will | come during | service; .. 


6. The desirability of reducing end checking and splitting; 


7. ‘The beneficial effect of cross bolts or, stitch bolts, or th hreaded spikes or 


The importance, where shear plates. are used, of avoiding oversized bolt 
holes, either by error or by ‘reaming | to permit passage of bolts through holes — 4 


bored improperly in the wood; 
a 9. - The importance of straight end cuts, without reentrant angles; and 


“connectors and shear plates. 
os ee main objective of the tests was to determine a factor of safety for the 


structures tested, for comparison — with factors of safety for individual test 


This objective was not realized fully, and any comparison of the 
ratios of ultimate loads as related to assumed safe working loads is ; misleading 


unless examined in the light tof the | material presented in Section C-II — 
“Safety Factor” and with due attention to individual test comments. Ee 
Of the twenty tests made, on sixteen trusses, the results show that: Five 


failed because of rupture of the wood members at joint details; six failed ate 


bolted joints; ; and nine failed at connector joints, because of types or combina- 
tions of stresses not anticipated. 


In | October, 1940, work was started on the: Timber ‘Test Pro- 
gram at Treasure Island in San F rancisco. The program was conceived by 


John J. Gould, -M. ASCE, who “" been chief structural engineer of the Ex- © 


Specimens. 


the ‘and of the late Frederick H. Fowler (Past- Presi- 
; dent, ASCE), Harold B. Hammill (M. ASCE), and Walter Dreyer (M. ASCE)— _ 


a“ Past- Presidente of the San Francisco Section. The s sponsorship « of the 


sity of California - Berkeley) was obtained through the cooperation — 
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of C. T. Wiskocil, M. _ ASCE, and W. < Pomeroy, registrar of the site: 


then acting as administrative “officer of the Works Progress Administration 


(WPA) for the university. The San Francisco Section appointed a Timber 
a Testing Committee with L. H. Nishkian, M. . ASCE, as chairman. n. When he 
P resigned t the chairmanship because of press of private work and extended ab- 
sence from San Francisco, Mr. Hammill succeeded him. The other members 
of the committee were Mr. Gould and the late Henry D. Dewell, M. ASCE , and 
‘Henry J. Degenkolb, Assoc. M. ASCE. Gould was retained as technical 
director of the program by the functioned in cooperation 
sae: the various timber industries who furnished the funds required for the 
work. Mr. Degenkolb was appointed assistant technical director. Byron Le 
eine, Jun. ASCE, assisted Messrs, Gould and Degenkolb i in ~ first few 


in a full- all the. technical and administrative 
phases of the program and prepared the sadiieniians report, which was edited 
_ by Mr. Dewell and then reviewed by the entire committee. wie Pui ; 


that contributed the West Coast Lumber 


"Timber ‘Company of California; ‘Timber 
- Portland, Ore.; ; Summerbell Roof Structures ¢ of Los Angeles, Calif. ; the Western 
Pine Wannlestutinn Company of Spokane, W ash.; Henry Mill and Timber 
Company of Tacoma, Wash. ; and the Northwest Bolt and Nut Company of 


The following were instrumental in the of ‘the: 


Company of California; the late J. E. Mackie, Assoc M. ASCE, then 


western manager, National Lumber Manufacturers’ ‘Association. 
The San Francisco Section and the committee owe these three gentlemen , 
particular gratitude, for they more than once were instrumental in securing | 


_ additional funds when such financial assistance was sorely needed. — Finally, | 
Messrs. Mackie and Horner were generous i in n supplying the services of their 
‘Office staffs in the preparation of this report. _ The e Division of Timber Me- 
chanics of the Forest Products Laboratory in Madison, Wis., was very helpful 
_ in giving consultation, in answering inquiries, and in reviewing this report. _ 

The late John A. Newlin, M. ASCE, formerly chief of the Division of Timber 

of the Forest Products mada a special trip to San 


Francisco for the purpose of witnessing the tests and advising with the com- : 


he mittee. Because his death intervened, _ the report has not had the benefit of 
his criticism, which would have been of great value because of Mr. Ne wlin’s 

_ knowledge of timber mechanics and wic wide experience in _ testing. For- 
tunately, notes made by him have been materially helpful. 
es Preliminary work began in October, 1941, and consisted principally of of the 
- selection of specimens, investigation of methods of testing, application for 


. WPA assistance, and general review of the condition of the Exposition build- a 


ings fe for of test specimens. studies drawings were made 
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‘TIMBER: TESTS 
by the technical director and his as assistant to Seinnai the most advantageous 
and economical tests and procedures. es. Unfortunately, various setbacks beyond 
the control of the committee hindered progress. — Some of the buildings | were 
demolished by the wrecking contractors for the Exposition before any arrange- 
ments could be made for securing the required specimens. This circumstance 
was partly « offset by the cooperation of the contractors, who donated or allowed — 

various specimens to be taken in return for payment of labor and equipment 
costs for the extra trouble involved in setting these specimens aside. 
The proposal of the United States Navy to take over all of Treasure Island 
and its buildings | caused several revisions in the list of specimens considered 
necessary for a satisfactory fulfilment of the program. Later, the Navy did 
take over the island, necessitating ‘the dismantling | of the leboratery. built for 
the test program and removal of i its equipment to a new location in San Fran- 
cisco. Finally, the WPA assistance was secured later than had been antici- 
pated. — However, to counteract several of those difficulties, the program was: 
fortunate in having the splendid cooperation of Clarence E. Seage, Assoc. M. 
| ASCE, who was chief engineer of the California Commission for the Exposition 
and who was instrumental in securing many specimens. — Ralph G. Wadsworth, — 
-M. ASCE, then deputy WPA administrator for Northern California, was espe- - 
cially helpful in the organization of the project and in expediting the work on - 
On February 17, 1941, the Timber Test Program, known as a WPA project, 
was opened officially. For several months the major part of the project was 

the e collection of f specimens. — It had been 1 hoped that these could be assembled 
simultaneously with the testing. However, the rapidity of the ‘demolition 
‘made it necessary to obtain the specimens during this work and to delay the => 


testing. Simultaneously, material was furnished to two senior students of the 


University , of California for a special study in timber supervised by the tech- BS, | 
Tical director and his assistant. In n May, 1941, , tests were Inade « on ‘the Caval- 
e cade cantilever s structure; - and, in June, : a building o of 2, 800 s sq ft was s constructed, 


with a 500,000-lb testing frame, all as described in this report. ear 
aa During the last few days of June, 1941, the first of the trusses was tested— » Fe 
— the San Francisco Building truss; - and, ‘shortly thereafter, i in turn, the Chinese 
Building trusses, Alameda Contra-Costa Counties Building trusses, Cavalcade 
‘truss, French Building truss, Merry-Go- Round trusses, and two rigid-frame_ 
legs from the Brazil Building. g. At this time, because of the national emergency — 
of World War II, it became necessary to move all timber testing equipment and — a 


) specimens from Treasure Island to San Francisco. pe In this e emergency, entailing i 


= 


Thee was not samaidl room in this building, however, for all the specimens sory 
uipment, but through the courtesy of J. F. Marias and T. '. Twohig, | then — 


resident and rental. manager, respectively, of the State Board of 
ommissioners, space was obtained at the Ferry Building for additional storage, ar 
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TIMBER TESTS 


Considerable effort and time were expended in making 2 arrangements for mov- § ! 
ing, and in —— the 1 new building, | after which the remaining tests were of ti 
conducted. - Simultaneously, the office staff began and completed the compila- read 


tion of the data on which this report is based. oom 
- Much credit is due Messrs. Degenkolb and | Byron Nishkian | for the excellent they 


and full: photographic of the tests, only | a part of which ‘appears in this 

of strict e economy affected not only the equip- su‘ 
a ment but also the methods of testing. 7 _ Although the supply of WPA labor was ‘The 
= cash reserves were at a minimum. . The equipment as planned had of § 
to be capable of testing 70-ft trusses, individual joints of other structural frames, > 


applied at various ‘points: to simulate actual loading conditions. meet 
a varied requirements, a large testing s structure, or testing frame of 500,000- § gin 


4 plywood panels, and 30- ft columns. — 5 In the tests of trusses, the loads had to Eom 
unt 


lb » capacity—onée that could be used par rtly or entirely for all the required § SS 
_ operations—was designed by the technical staff and then built with WPA § tat 
labor, using timbers from the dismantled Exposition buildings, connected with: du 
Hydraulic jacks were used for. applying, measuring, and controlling the fac 


in A pump, flexible hose, two. 20-ton jacks, and a 50- ton. jack were pur- i 
chased, along with a large gage for measuring the oil pressure. ‘in the jacks. § 


a Two 200-ton jacks were loaned to the project by D. J. and T. Sullivan, contrac- 
tors for | moving structures, for testing the heavy specimens. ns. All this equip- 
_ ment was checked and calibrated at the testing laboratory of Abbot A. Hanks, 
Ine. of San Francisco. Calibration curves were plotted, and studies w ere 


made on various factors. that affect these face 


In loading specimens, care was exercised in centering jacks and loads ia 
a result, it was felt that the applied loads were measured well within 3% of 
their true values. A slight source of possible error was that the | pressure gage ] 
read only to divisions of 25 lb per sq in. for a range of 10,000 lb per sq in. of oil 
pressure in the jacks. ie the truss tests, s, two or three jacks w were used simul- 
a taneously with one pump and gage to provide : several loading points ona a. 
and dividing | beams spread the load | over r several panel points as desired. % For 
- this purpose, special Y-connections provided several sources of oil p pressure for 7 
ty, ‘Twenty gages with Ames dials or Starrett dials, reading directly to 0. 001 - | 


in, , with a range of 0.3 in., were used. In the tests on the trusses, it was jde- 7 es 
sired to read many more deformation ‘points than there we were dial gages. 


special gage was developed for this purpose consisting of two small metal angles, 
one fastened to each side of the deformation point. Small ball points were 
attached outside of the legs of the angles, and the distance 
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TIMBER TESTS 


— een points v was then measured with a , micrometer. By using the rachet 
of the micrometer, a uniform pressure was placed on the ball points at each 4 
“reading so so that : any , deformations due to bending of the | angle legs would be | 
constant. - These gages had the advantage that, with the micrometers used, | 
they | had a range of about 1 in., , reading to 0. 001 3 in. By using vernier align, 
‘this range could be extended to about 5 in., reading to 1/128 in. and to any 
desired larger range by measuring with a ruler fitted with the heads” of two 
‘carpenter’ squares. The principal disadvantage of this. special ga gage the 
eo consumed in making the required | number of readings. To offset this 
disadvantage, in several places where an accuracy of 0.01 in. was considered 
‘sufficient, simpler g gages were made, using a multiplying arm w ith a large. ge scale. a 
These measuring devices were ¢ calibrated with the dial gages and had a range 
_- Testing Procedure-—In most of the tests, the actual readings were made by 7 
WPA workers, none of whom had in this were 
under the direct supervision of the 

gineer presentyat all the tests, who followed through all the operations. i 7 


i 


assistants were picked with the e cooperation ¢ of WPA ‘officials, ;, and were then 

- taught to read the various instruments. All required computations were re-— 
duced to such simple forms that it was 3 possible t to have practically all opera 
tions, both in the field and in the office, performed by this staff, despite si 
fact that its members were only unskilled workers. ke eae a 

_ Because of the large number of points to be read at each. increment of load, 
the load was applied to a predetermined value, and then held for a sufficient — 
period to read the various gages. Loading was then resumed, and at the — 7 


| load point the process was repeated. These reading intervals 


number of gages and other factors. Errors i in n reading « occasionally | occurred, 
because of the inexperience of the workers. — _ When discrepancies were found in ~ 
- the final analysis, the more logical reading was taken or the questionable | read- 
ing was not used in any computations. “In still other cases, the questionable - 


_ reading has been given in the detailed report w with a note of caution eS 


ai aii 


a In timber testing, a variation in results is usually introduced by changing 
‘the speed by wi which a specimen is: loaded. | Because of the peculiar equipment 
used in this program, it was not possible to employ : a uniform speed; nor were 
the rates of loading specifically | determined. Since a structure is seldom, if : 
ever, loaded | at a uniform speed, the value of the test results : should not be dis- 
counted because of the wile wait. In: all cases, the times of reading an and 
- loading were recorded; and, in this report, the total elapsed time is a 
Truss Tests. —Trusses ‘on the their longitudinal 
planes horizontal—in other words, in a flat position. They were suspended 
—— from the roof by hangers co composed of two planks, 2 in. by 8 in., nailed to form — 
T-section. eb of each Ts was nailed to the roof rafters overhead 
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_ as struts to prevent members « of the truss | from buckling upward under load. 
The ‘truss y was thus supported at varying spacings, cert from about 4 ft to 
~ s, and 
other factors. — These hangers offered practically no oe to the horizontal 


deflections of the truss _— under load, for they ¢ could be moved easily 


trusses, than expected, while the gages were 
‘still in. place. Reactions were taken on blocks that_ simulated the actual 


restraining conditions i in the structure from which the truss was s removed. od 


mically as “ie In the past, 


— 


¥ 


ne. FAILURE oF TENSION Draconats oF Joints (JomInT 


gram; and, in which h consisted ‘of th three or more members meeting 


aot at a common intersection, a procedure w was used as shown in Fig. 1; i ‘The load 
a hig was applied through the hydraulic jack, ‘putting compression in one of the 
members, and was resisted by another member i in compression, blocked tightly 


ae against the testing frame. In some specimens, a screw jack was installed on 

this second compression member to help adjust - the e specimen and to reduce 
—_ secondary stresses. The third member necessary to preserve e equi- 


_ librium was put in tension by the following procedure. © Before testing, large 
‘steel plates w were { fastened to it with bolts or shear plates to provide the : neces- ! 
sary tension connection; and, after placing | the e joint i in the testing frame, these ‘ 


oN plates w were connected tot two 2-in. steel rods, which were i in turn | fastened ¢ to > 


= 
Ma 
‘a 
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— all 
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rere then increased unti 
e removed. Loads were the to! 
t which the dial gages were re 

mere 

of structural frames a8 econo: 
full-sized joints of structural 

at a time, 
the custom to test two identical joints 
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load. am testing frame. - One exception to this. procedure Ww was joint J13 in which 
ft to all the members were put in compression. Gages were installed to measure 


3, and the 1 various defor mations. In almost all the joints | tested , additional gages 


jontal f were installed to measure the : angular. change between members, as a check o: on 
easily § any possible secondary s stresses: that t might be induced by the > deformation of = 


the joint. In no case were the movements such that. these secondary stresses 


until Tests —The tests of the strength: of nails in plywood i in res sistance 


in the testing frame, as described later in Section D- IV. 7 


vctual ‘Reduction of Data and Calculations. — ~After the field were typ and 


-mimeographed, they were reduced, calculations w were made as necessary, and 
sting stress-strain curves were plotted. Stresses i in members of trusses and joints 
past, were calculated, 1 making use of for rms and with the usual a assumptions for the 
— ‘actions of structures under load. In the case of a truss with eccentric joints, 
_ stresses | were first calculated by assuming pin- -ended concentric connections at 
the panel working points. ' Then corrections were ‘made, a as necessary, to the 
_ stress in any | members for change of slope and the increased ‘Shear i in the panel 
caused by eccentric connection. Stresses i in these connections we were calculated 
» an approximate basis only, as a more theoretically correct analysis would 
“ndete involved | unnecessarily | laborious computations on structures statically 


indeterminate to m many any degrees. 
One feature of the mechanics of recording the results of the tests was the 
“use of photography. _ All specimens were photographed before and during the : a 
a tests, at failure, ‘and at the disassembly of the : specimen to record all possible — - 
visual features, _ These photographs and their accompanying notes form an 7 
indispensable record. In the event that other investigators review this work, 
the field notes should be used with the photographs. — For the inf information of p+ 
= interested, the data observed, with the curves, field notes, photographs, are 
calculated reductions, « etc, were filed at the San Francisco office of the Na- 
tional ‘Lumber Manufacturers’ Association, Engineering Societies Library in 
York, N.Y., and the Forest Products Laboratory i in Madison, Wis. 


_ report includes only a small percentage of the total data available. a 


“Vi Ube vast 


IL Sarety Factor 


One of the principal results expected from these tests was ratio between pil 
loads causing failure i in the g specimens tested and the calculated allowable load . 

- the ; specimen, in its weakest part, “might be expected to sustain safely. 

- Such ratios, customarily designated as “factors of safety” are likely to be mis- 
in composite structure if ‘compared to factors of safety of 
test specimens. Quite different it results may be expected, for instance, when | 

joint is tested (1) as an isolated specimen in a testing ¢ machine, (2) as a ey 
sl of a truss tested by itself, or (3) as a part of a roof assembly in a building where ii 
the assembly as as a whole may provide additional stability. _Furthermore, fac- 
4a tors of safety used in determining safe working load for nails, bolts, and con- oe 


at fom and for timber are derived from different considerations (ultimate — rf 
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- cussing th the tests, ‘a R are siven, Ww hich are perm’ between the computed 
member stress at ultimate loads and the usually accepted design capacities | 
lowable loads), which are further defined in each test or group of tests. 


These allowable loads, where possible, ¢ are based on the recommendations ofthe F 


Forest Products. Laboratory or those of the the Timber Engineering ‘Comp: any, Ri = 

Inc. (TECO), i in its 1939 manual. 
It should be emphasized that, in — tests, failure occurred in a manner J 4 = 

‘neither expected nor previously investigated and the factors R are based on the 


“nearest available criterion usually used by designers. This criterion is clearly § W = 

defined in each case. - For example, i in one truss of the North Square Building, w= 
Das the allo X= 


the factor Ris on the allowable connector pein, 


was clearly due to tension perpendicular to the gr: 


Notation —The following letter sy in n this report, nt, and i in its die 


by a a of the American pl ‘with Soc mel 


representation, and approved by the Association in 1932: tim 

. A= = section area; in Table 26, the symbols A to Q are introduced as key letters oni 

for typical dimensions indicated in Figs. 84 and “pra 

d= depth of a beam; 


= modulus of elasticity i in tension and compression; 


= total stress in a member, imposed by external loads; F a str ess in : 


Ke 8 factor derived from the curves of Fig. 83(c); 


L= = : length of span or i i of a column; height of a panel; : 
an applied load: 


P, =: allowable load on. bolts; 
P, allowable | load on connectors; 


= proportional limit load; 
Pa = proportional limit load on bolts; Pa 
fas = proportional limit | load on on connectors; 4, 
= allowable load on wood; “ 
R = ratio between the computed stress at test loads and the usually accepted 


Rea = = ratio R between m maximum test load and allowable load on 


aa = ratio R between proportional limit load and allowable load 


ea = ratio R between maximum test load and and allowable Toad on " 


1939. 


“a 


— 


4, 


‘Timber Connector Construction,’ Manual the Eng. . Co., Inc., ‘Washington, D. 


- 


these reasons the term “‘fa safety” has not been used in this report. 
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port. Ra = ratio R between proportional limit load and allowable load a 


R 


Ra = ratio R between maximum test load and allowable load on 
wood; 


Rw = ratio R between —— limit load an 
on Ww ood; 


j= - least radius of gyration; 


= stress” per unit area; 8ua = allowable unit stress in woo od; 


total applied load on. truss; 


applied load on trt uss, in | pounds per linear foot; » 


1 n n 
tal deformation or displacement; a: 
ngle of twist; : also the slope of the grain in relation to the axis of a 


Explanation of Terms and Abbreviations. 
1. Allowable Stresses in Timber—The allows able eed W on a structural | 


eins of either one or more pieces, when determined | by the strength of the | 
timber, using the recommended unit working s of the Forest Products | 
_ Laboratory is termed “wood allowable load,” and is abbreviated Pras The | 


| working stresses for selected structural ede fir (the grade used 


‘Bending or ‘tension parallel to the 
Longitudinal Shear Stress: 


‘Compressive Stress: 


n surfaces inclined at an 6 with the of grain, the 


of either one or more pieces when determined by the safe load on the bolts in a 

¥ bolted connection, as computed in accordance with the recommendations of 

_ the Forest Products Laboratory,? is termed “bolt allowable load” 


Allow able Loads on Connectors. —The allowable load on a structural, 


ard design loads given 1b TE CO, lig ‘hereinafter termed ‘ ‘connector allo  allowab 
y 


Handbook,” Forest Products Laboratory, Forest Service, U.S A., Madison, Wis 1940, 


| 


iti 
ests, Lallowable lad 
ests. ad allowable load — 
f the 
any, e 
ling, 
‘tina 
lure § X = 
dis- 
| 
2) 
lety 

ro 

af 

— 
ok 
ing 

an 

— 
on 


7 
4, Compression Diagonals—When | used in the description ofa a test, 


the designations ‘ “compression diagonal” and ‘ “tension diagonal” r refer to the 

nature of stress in the diagonal during the test, and not necessarily to stress | oppc 

function i in the structure from which it was taken, mS <a. i 

5. Proportional Limit.—The load at the proportional limit, as judged by 

a _ ‘the load-deformation curves, is termed hereinafter the proportional limit load sizec 

Be oe 6. Maximum Stress Ratio. —The | ratio of the maximum stress in a member | gree 

ae or - connection, to a calculated d allowable load is sieiameeaicuaiiiimediien testi 

a4 - » 7. Proportional | Limit Ratio —In a manner similar to item 6, the ratios of whi 

= the proportional limit load to the allowable loads are Rw, Ror, and Re, re- and 

spetivly 

Malleable: Tron Washers —The designation MIW means “malleable iron pre] 

washer”; sfor Z-in. bolts, Lin. in diameter and thick; and, for 2-in. bolts, 

3 in. ‘in diameter and and ye-in. thick, 

Identification of Structures —The Exposition buildings from which the | 
E. <q trusses tested were takeh, and their abbreviations when applied to trusses, are 
identified in this report as follows: 


CC HCH HSC HCO ERE 


s—Split rings or shear plates, used connecting 


various ways, are termed “connectors.” im 


= 


ae a nema or structural frame and acts s primarily i in resistance to direct or axial 
_ tension or compression is a “member.” The term includes those structural 
_ elements of test specimens which had so functioned in the structural frames | 


a from which they were taken. . & member consisting g of one piece or one “stick” 
; ai s of solid cross | section—as a member composed of one 6-in. by 10-i in. section—is 
variously d: “One-piece,” “one stick,” or “single m Similarly, 
various y terme ne- piece, “one ‘stic or “single member.” Similar y, 
member consisting of two separate or two separate “‘sticks”—as a 
member composed of two 3-in. by 10-in. pieces—is variously termed: “Two 
12. ‘Single Shear—A “member | has its” end connection, or connections, 
Bes": i. single shear when its connectors : are in one face of the member only, or when he 


; aon _ bolts or nails attach the member to a connecting member, splice pad, or gusset _ 
plate by only one face, 
---:18, Double Shear ——A member has its end connection, or connections, in 


"double shear when its connectors are in two opposite faces of the member and 
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are equally divided 3 in number between each face; or when bolts or nails attach 


the member toa connecting member, splice pads, or ‘gusset t plates by ty two 
opposite faces; 
7 14. Loose ‘Bolts.—Examination of the bolting of t the specimens of this test ai 
program led to the conclusion that all bolts had been inserted in slightly over- 

sized holes. Nevertheless, the bolts were found to be tight in their assemblies— 

that is, they could not be turned by hand. Shrinkage of the wood, from its - 
green | condition at the time of framing to its seasoned condition at the time of a 


testing, had caused tl the ‘sides: of each wood member, through which a bolt 

passed, to > draw a away. from the washers, or from the gusset plate, or plates, to 

“which the member was connected. This, then, is the meaning of such phrases 

terms as “‘the bolts were loose,”’ and “loose bolts.” 

i 15. Wood Handbook.—Wood Handbook refers to the “Wood Handbook”? 

_ prepared by t the inieaesiad Products Laboratory o of the ‘United States Department 


Agriculture. 


D. DETAILED REPORT OF vosTe 


Tests 
Costa Counties Building (AC) Trusses.—For of 
rf identification the truss numbers of this building are prefixed by the letters TAC. 4 
es These tests were of four trusses from the AC Building, with compression - , 
diagonals and tension rods and, except for minor variations in depth of daps 
5 and cuts, of identical construction. ‘They were 39 ft 4} in., center to center of 
; ‘span, about 6 ft deep, and had 6-in. by 8-in. top and bottom chacds substantially 
- parallel. Fig. 2 shows the detail . Except for truss TAC- -3 the trusses were in 
good condition. truss, tested, was found to have been 


eit uring erecting or dismant ing. 


Bolts at the splices were generally tight in thelr holes, , although spaces between, 
te members and splice pad indicated that shr inkage | of from about # in. to 
i in. had occurred. Some of the washers were loose, but the bolts themselves: 
eould n not be moved by hand. Timbers consisted of Douglas fir of select struc- 
~ tural grade, and the trusses were tested with an average moisture content of 
= The end butt blocks at joints L1 and L7 were in good condition, and 1 no 4 
- checks were observed in the horizontal plane of theoretical maximum shear— 
for example, on n plane A1-A2, Fig. 3 3. , A sound knot was found in in . this plane >in 
position, the loads. 
Ew applied a as concentrations at the upper panel point as shown in ‘Fig. 2002 
 Bitnalieitn, particularly those « of the end joints, were measured by ee 
Referring to Fig. 4, a typical installation at one end joint: Gage A measures the 
horizontal slip helween block and chord; the stick between points X and Y i is oe 
fastened to butt blocks by using blocks at the ends, so that gage B gives” a 
Measure of the bending deformations of the block as a | a beam between points Hs 


= 


‘ected end of the diagonal pecpyendicaler to its axis—the movement being © 
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“measured with respect to the bottom hc chord at 3 the working point; gage D 


3 

Plates 

8 


3" 


4"x4llx 
Allx4ilx 


8 


Center 
Symmetrical 


Reacti n 


J 


Inches 


Reading No. 7, 20, 9101 Truss 


=s 


ao 


ae Deflection of 


Lower Chord, in 


 Detlection tower Chora of TAC-3 


= 2.—DetalIxs oF Truss TAC-1; . Trusses TAC- -2, TAC- 3, AND ARE 


sures the of the of the diagonal into the bevel. of block. 
Similar gages were installed on both faces of the joints. ew 


Tru uss 1.—The of overstress i in truss TAC-1 was ob- 
"served at L7 and (U2 at w here the end diagonals wel ere 


— May, 
bearit 
i = rt, 1e stick between these two points is fastened to the diagonal only, thus pro- f 
ay ecting n gi F,: 
— ie ting movements to gages C and D; gages E, F, and G measure deformations J 
— 
| Ns 107 
— 
— 
— 
Reading No. 13, 51,240 Ib. on Truss 
— 
— 
— 
— 
— 
— rubbed on both sides v ! 
— 
— 
— 


May, 
bearing on their beveled cuts. At joint v2, the block showed nell ite: and 


as about 3 3-in. the? diagonal. The in” “member at this 


— 


Compression 
7,050 Lb per Sq In. 


Tension 11,450 ben per Sq In. 
41.69 Kips Shear on Plane Al- 

( 4,920 Lb per Sq In. ) Al. 69 Kips (442 Lb per Sq In.) ) 


Center of Pressure | 


lb. per in., this of 3 
to Final failure occurred very suddenly in shearing off the 
of the butt block at joint L7, as shown i in Fig. ‘The shearing plane was” 
Al. A2, Fig. 3. The load in member U6-L7 was 49 kips, the calculated 
shearing stress was 474 lb per sq in. , neglecting : friction. 
Truss. TAC-2.—Te: sting on this was | begun i in the afterneca. and con- 


tinued w until itil evening when loads were re released, ai and was, resumed the following 


— 

pr 

= 5G =. 

CULATED STRESSES AT JO TAC.1 TAC_2 awn 

ck. 

en 
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morning, when failure occurred, as in truss TAC- 1, at joint L7 in shearing off 
the table of the end butt block. Before failure, as shown by the | arrow in- 


u Fig. 6, a space 0} opened between the inner end ¢ of the butt block and the chord, 


3" 


MW” 

,—Bottom Chord 
= 


Fia. 4.- —Typicat Inst ALLATION OF GaGEs AT AN End JomntT an 


caused by the eccentric pull of the table of the butt block. This phenomenon 4 
- was typical for all ll four trusses, although not to the same degree. A detailed 
14 analysis of the moments and stresses involved is shown in Fig. 3. 
Failure did not occur immediately upon reaching the ‘maximum load, but 


about 2 min later. 
about 2 min later, 


5 


— 
— 
| Satur 
| in ten 
indice 
= / y tap 
SS 
| hee | 
| « 
at the end joint of anel i paraffined steel plate was installed 
— \C-3. Loading was started on 3 
— 


Mav, 1 "TIMBER 


a and, at a total load of 49.7 7 kips « on es truss, the lower chord failed 

in tension between two panel points. | The load was released and ‘examination — 
indicated the chord had suffered a previous injury. 4 ‘The. chord was repaired 
by the following Monday a afternoon testing was resumed, when 


Fic. 6.—Bernpine or Burr Buock Previous To FAILURE IN SHEAR 


ots 
failure occurred at jc joint ‘7 after th the 2 maximum load had been : applied for about 
6 ‘min. The failure was similar to those described for trusses TAC-1. and 


russ TAC-4. —A paraffined plate was aloo installed in the end joint of 
panel noint Li in . truss TAC- -4. Failure occurred at this joint about 5 n min 
after tie maximum load had been applied in a manner similar to ‘that pre- 


Results of Tests, Trusses TAC —Results of these tests are listed in Table 
_ Fig. 2(6) includes the deflection ¢ curves for the lower chord of one of the trusses, " 
for four different loadings. Fig. 7 shows center deflection of the upper and 
lower chords of truss TAC-1. + Fig. 8 shows the opening of the lower chord 
-Splices at 13 and L5; Fig. 9 shows the embedment of the end diagonals i in | the 
bevel cu cuts of blocks at U6; Fig. 10 shows the e deformation at gage D; Fig. i 
shows the slip of butt blo cks with respect to the chord at gage A. «Six, curves a 
are presented in ‘Fig. 12, showing deformations at gages on butt blocks of 
¥ joints L1 and L7 on truss TAC-3, the location of the g gages being shown i in Fig. 4, 
pe iy Computations based on a unit shear stress of 150 Ib ) per sq in. in. in the end > 
butt block indicate that the trusses were designed for an allowable load of about: 
660 1 lb per lin ft. Trusses TAC-I and TAC-2 failed at Rua = 3.) 15 and 2. 95, 
The two trusses on n which ‘paraffined steel plates were installed 
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TRESS s (LB LAPSED 
failed at Maximum Brock Tuat: Ratio ] reduc 
Ng. 
Min 


De- 
per lin | | 


@ @ 


1/700 62.70 | 1/255 474 | 510 3 | 50 | 1/1,030 60 
TAC-2. (443 «| «430 2 | 35/ /980 


1/665 | 60.73 | 1/257| 
1/774 | 45.25 | 1/378] | 382 | 385 
1/755 | 37.85 | 1/468 


3.15 
2.95 
82 2.55| 2 | 55/ 177200 
45.25 | 297 | 326 2.00} | 


—— 


s 


 @ Center deflections (expressed inffractions of the span length) at a computed allowable truss load of 
600 Ib per lin ft, measured on lower chords. » Center deflections in Col. 3 (expressed in fractions of the span 
= length) at ultimate loads near (not at) the loads given in Col. 2. ¢ Concentrated loads applied at panel 
_ points U3 to U6, inclusive. 4 Based on an allowable shearing stress 8wa Of 150 1b persqin. *¢ Deflections of 
end blocks (expressed in fractions of the span X and Y), at allowable loads, under secondary bending. 
two days. 9 These trusses” had ‘paraffined steel | plates in in one end joint. Failed end joint 
paraffined steel plates. 


tn Kip 


w 


Computed Maximum i in Block MaTE SHEARS 


Load on Truss 


DEFLECTION OF 
Enp Biocks 


Unpae SECONDARY 0 


= Buiocks 


Direct Tensions ‘Bending Total* 1 


At ulti- At ulti- | At ulti- | per 
‘At 8wa At swe | mate At mate q 


| | as) | ae | az | as) | as (21) 4 
'TAC-1..| 32.04 | 1/670 2,840 | 3,200 | 10,200 | 4.010 | 12.540 | 3. 


2,320 3,280 | 10,300 | 4,020 | 12,260 | .... : 
TAC-3..| 45.25 1/1,220 700 1,890 3,310 | 8,910 | 4,010 | 10,800 sbi. 2125 
TAC-4..| 37.85 | 1/930 740 | 1,550 3,590 | 7, 500 4,330 


.. Expressed as fractions of the span between points X and Y, Fig. 4. Deflections in Col. 13 are the 
highest readings when the load on the truss was as given in Col. 12. 4 Parallel tothe grain. * Computed 
maximum tension plus bending stress in the block at the plane A1—As. 4 The difference between these two 


stresses (quiz Ib per sq in. ) corresponds toa coefficient of friction of 0.315. a, 


Loads at failure of the tables of the butt blocks (at plane A1-A2, Fig. 3) 
~ produced calculated shearing stresses of 297 lb per sq in., 382 lb per sq in. 
443 Ib per sq in., and 474 Ib per sq in. The f first | two values. of s, are { for ‘the tw 0 
trusses in which paraffined steel plates were » used, the average § shearing stress” 
being 340 lb per sq |in. Where plates 1 were not installed, the average ultimate 
shearing stress was 458 lb per sq in. increased | strength, amounting to. 
35%, x may be explained by the frictional resistance on plane A1-A4 in trusses 
_ TAC-1 and TAC- -2, relieving the shearing stresses on plane Al1-A2. 0 
bee Failures in the blocks a’ at these 1 relatively low unit stresses were probably 
due to the abr upt change i in section at point Al, —_— in a combination of 
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high bending and shearing stresses oceurring simultaneously in the vertical 


plane at point AL. 


_ Fig. 3 presents an analysis of the stresses it in the end butt block of truss” 
TAC-2 at the time of failure. In the analyses it has been assumed that the 
bolt holding aed the block was loose and yen did not act in tension 7 


washers under the of then bolts were so ig that they did not 


Lower Chord = 
Upper Chord 


on. 


Load 


‘Fre. 7. Dertection, Truss TAC-1_ 

tight even in the tests. _ The bolts could not be moved by hand, however, so 

‘that some slight tension may have been present through friction on the e surfaces: 

of the bolts. . If any such tension did exist, it would have resulted in 1 somewhat 

reduced stresses in the butt block. 

The tests of the two trusses in which the end joints were modified by the 

| nse of paraffined steel plates ; seem to indicate that friction plays an 
important part in the resistance of this type of end joint. However, the tests 7 


are not sufficient i in number to justify reliance on friction in timber design. — a 
tests ag’ confirm what good judgment would have dictated—in the 


plane. T hey seem show that in ¢ cross s section of wood. 
“members reduce the strength more than is accounted for by present. design 7 
practice and that, when such abe upt changes cannot be avoided, lower unit 


stresses should be used. Further tests on joints | in which a ,combina-_ 


— 
ction 
0 Deformation, in Inche 
the 
uted 
9) 
in., 
“OSS 
bly 


a 


aa TIMBER TE ESTS May, 1§ 


7 tion of shearing stress, direct st set stress, and | bending stress. is involved : are e much failure © 
ee The pan of shrinkage causing ir increased stresses in timber joints is illus- J splice ev 
7 = in these tests where the bolts i in butt blocks became ineffective i in seal In truss 


sion, thus introducing bending and causing local flexural stresses. — 


F=32.4 Kips} =| 
Deformation = 0.226 cl 


at Joint 84 


N 


Splice at. Joint iS i 


CE 
Am 
Pi {| 


0.02 0.04 0.06 0.08 0100.12 0.14 0.16 0.2 2 0.24 


: 


| | | 


‘Deformation of Gages ‘UGA and RU6. in_Inches 
9.—EMBEDMENT, AT THE Draconat, Intro ‘THE BLOcK aT Joint U6 

“i The allowable tension in the lower chord splice at panel point L38, as 3 de- 


termined | by the four 1-in. bolts i in one half of the splice, is s 16,800 Ib. The Ta 
tension: in the splice at the ay average ultimate load on the truss (representing We 
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failure of the end butt blocks i in 1 shear ear and not failure of the s| splice) was 60, 000 
Ib. 7 In the splice bolts, therefore, Rv. would have a value of 3.6; and, sinee the 
splice e evidenced no weakness, the potential value of Rus or Rea would be greater. a 
In trusses TAC-1 and TAC- “yy which : sustained the maximum ultimate loads 7 


(68, 500 Ib), the value of Rs would be 4. 1. a 


Stress, 


(0.02 0.03 0.04 0.05 0.06 90.07 0.08 0.09 0.10 = 0.12 0.13 0.14 0.15 7 
Deformation of Gages, in Inches 


Fre. 10.—Toran DEFORMATION oF DraGONAL RESPECT TO THE 
AT Pornts L1 anp U2 
‘This s series of tests furnishes another illustration of the need for tests s of — 
full. sized timber trusses and structures since only in such h way can combinations 


of different kinds of stresses show their true effect. ani _—.. 


Deformation at Gages LIA and RLIA, in Inches 
Fig. 11.—Sure or Burr WITH ResPecT TO THE CHORD AT A 


oii Brazil Building — (B) Trusses. ——Two shallow trusses (perhaps, more accu- 

two trussed | frames) about 46.5 ft long and 2 ft 10 in. deep 
‘Were obtained from the Brazil _— tested. 7 they formed 
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= the vertical legs « of a | rigid-frame b bent. Unfortunately, the ‘building | had been a Tro 


appeared to be in good condition, the possibility exists that they had been siderab 
damaged. — No evidence of such damage, however, was disclosed by the tests. of the 


oo" The chords of the frames were formed of three 12-in. . planks each, with the TB-2 | 
_ web members of two 3-i -in. by 6-in. timbers, connected to the chords by split , In 
rings bolts. The outside 2-in. n. by 12- ‘in. planks of the chords were quite 


ry and, although the two frames, \ when carefully examined, format: 


simult 
same 
tr uss, 
| web 1 
been | 
In 
conte 
The j 
the 


Detormation, ia Inches 
1a. 12. —DEFORMATIONS AT Various GAGES ON THE Butt Buiocks or Jomnts L1 anp L7, Truss TAC-3 


at points where two lines of bolts a and rings were 


ata content of about 15%. 
ie Details « of one of the frames are shown in Fig. 13, the other frame being 
‘practically identical. The connections of f both frames were eccentric—that i is, 


the center lines of connected members. at a joint did not meet at a common 


i _ Testing .—The frame had its loads applied as shown diagrammatically in 
F in in which the points of application of f the were the 
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Trouble was experienced i in testing both frames because of the large de- 
for mations. The loading jacks had a maximum extension of 6 in. so that con- 


siderable | loading, unloading, and reblocking were pre necessary to obtain failure — 
of the frames. testing of frame TB- 1 consumed 3 and frame 


same | time, failure occurred i in the lower chord splices. x. pa dism: untling the 


‘truss, it was found that the split rings were | missing in one each of the vertical 
members of Ls, and L9 grooves for the rings had 


frame ‘TB-2, of the lower chord started to open at 


small loads. When a load of 17.2 kips on the frame had been reached, the 
“center 3-in. by 12-in. plank of the lower chord broke near joint L5 (see F le, 14). 
The i increase of the load to 23. 5 kips sheared the wood in the end distances 4 
‘the lower chord splices as shown in Fig. 13. 


Results of these tests are summarized in Table 2 and deflections for frame _ 


-1 for five loadings: are shown in Fig. 13. 15 indicates the center 
flection for the s same frame. : 


TABLE 2.—SuMMARY OF Resutts; STRESSES ON THE TRUSSED 


Derzecrions 


) 


Ratio of s span. Lead en: ona at failure, computed by the ordinary truss theory. eThe ratio of 
Rea for the connection of members U1-L2 eT: yy? ‘L10. 4 In frame TB-2 the center stick (3 in. by 12 in.) 


. Neglecting 
effects of the chords and using stresses as by the 
; usual truss theory, the values of Ras calculated for the splices are 2.95 and 2.48. 
If the bending moments in the two chords, due to deformation of the truss as 
| whole, are considered, these r ratios would be changed. 
‘The importance of stresses due to deflection in shallow trusses, frames, or 
gi irders i is illustrated in the failure of frame TB-2 in which the through, 3-in. 


by 12-in, stick of the chord member broke in bending, mainly as the result “a 


ine 
been 
eSts. 
split In the test frame TB-1 the first failure occurred at joint U1 and almost : ee eae 

> 

1178 | 2.95 | 3.5 | 
- .  #g. shows the relative movements of the three parts of the lower chord | eee 
under load. The location of the gages for these points is shown in Fig. 13. 
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3" 
—Twenty-four 4" MIW 


Bolts 


Across the 
wer Grain tet 


‘Center to Center, Reactions 44! 


“End Margins 
Sheared 


ELEVATION OF x OF FAILURES DURING TEST 


Reading No. 17 
on Truss 24,000 


Reading No. 14 
Load Truss 26, B00 | 


Deflection 


—=—ReadingNo.4 


on Truss 14,940 Lb 


deformations in the adjacent splices of the 2-in. 125 in. sticks, of de- 


formations of the f hol eee 


arin At the two ends of frame * TB-1, failures occurred simultaneously 1 in tension — 
to the grain of the chord members. Failure in tension per- 


_— to the grain at eccentrically | connected joints was illustrated i in this . 


4 


Pa 
ii Center Line | 50Ton Jack. 

| 
— 
(@) DEFLECTIONS OF TRUSS TB-1 q 

’ 
— 
— 


ailure 
Note. Unless Otherwise Indicated, Each Bolt 

is in Diameter, with Five 23" Split 
Malleable Iron Washers (MIW) 


— 
Split Rings 
Four “Bolts 


~ One Bolt Each End Two x 12" Sixteen 4" 


One 3! x 


>For Diagonals, 
Each 7" Bolt 
Has Two 4" 
L7 Two 2!" 12" Bolts 
x 12"- — Twelve 4" 
ail 


{ 


GAGES ATOG. INCLUSIVE 


— 


Bere 


7 _ were strane eccentrically. _ The nature of the failures emphasizes the im- 
portance of the consideration of secondary stresses main members, splices, 
and connections in shallow trusses which may be expected to show relatively 


large d deflections and deformations at working loads. 


— 
| Two 3!x 12" 
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| 
&g 


a 
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valcade (C) Cantilever ‘Opportunity was afforded to test, in place, 
two cantilever trusses of the timber framework that had supported a 


nvas roof of the Cavalcade (see Fig. 17). The structure had been i in service, 


Fig. or Truss TB-2 UNDER A Loap or 17.2 


8 12 16 20 24 28 32 36 40 44 48 
Center, Deflection on “Speer Chord, in Inches 


‘Fria. OF THB CENTER OF THE ORD, FRAME TB-1 


exposed - to the e elements, for about 2 3 years prior to testing, and appeared to 


be in unusually goo ‘condition. ‘The framing lu lumber was Dougl 


praised as ' — structural” grade. 2 
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portant joints in| the : raming were bolted or joined by connectors, 


latter involving flush-type shear plates ( (Fig. 18) with steel ‘gusset 


ae ~~ Reading 14 |not Plotted. 
| 


— Chord 


40 


Center ‘Deflection of in Inches 


16.—RELATIVE MomeEmeEnts, Turep Parts oF THE LOWER Cuorp, FRAME TB-1 


Fie. 17. OF A a Canrizver FRAME 


plates and split rings. Unless otherwise indicated, all bolte i in Fig. 18 v were 
in. in diameter. All bolts, including those at split-ring connectors were 


_ provided with 3-in. by 3-in. baal fein, washers, _ No bolts were tightened or 


8 
a 
| 
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TIMBER 


prior to the application of test — zusset plate at 
- joint 68, Fig. 18, shows the typical minimum dimensions for such plates. 
Testing —Loads were applied by filling water tanks suspended 1 by rope 
slings. These were fastened about 33 ft from the base of the | cantilever. _ The 


q 


of load. A preliminary load was to. one e of the | pair 
¥ é''Plate 4"@ Flush Type Shear Plates. 
Bolts 
__—Member 


10'0" 


6"' Approximately 


Rod Bracing at Upper Chord 
Center Line Bracing No. 3 


and, 
_2"x8"" Flat 


H 10! x 164x810" 

SOUTH CANTILEVER Planks 


No. 2 
28! 
pe, 
ear Plates Near Side "Holes N No.2 


@ ROOF FRAMING PLAN 


Kya. 18.—Derarzs or CANTILEVER FRAME ‘TC-1 


cantilever frames, to check the workability and safety of the loading apparatus, 
by slowly releasing the supporting jacks. Shortly after load transfer occurred, 

the anchor arm of the crown joint (8S in Fig. 18) failed by the shearing out of 
shear plate connectors and bolts, as shown in Fig. 19. 


_ The calculated load in the failed member was 64, 800 Ib although, as shown 
on onter examination of the joint, a lesser load may have caused the age 
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Results: of Tests, ‘iT russes TC.—Joint,, 8S. ‘.( Fig. ig. 18) i in which failure occurred 7 
consisted of three 8-in. by 8-in. timber members connected by 4 Z-in. steel plates” Ss - 4 


drilled with } }i-in. diameter holes and three pairs rs of shear plates, 4 in. in 
diameter, fitted with 3 3-in, bolts. © 


_ Although the character of the failure was typical—that i is, : a shearing out 
of wood and pulling through of bolts causing splitting of the members—failure -_ 
occurred at less than the | anticipated total load. An examination of the joint 
= test indicated that the center pair of three pairs of shear plates, 4 in. in 


- diameter, had ho holes: ie i in. in diameter r. The other two pairs h had }-in. diameter 


Fig. 19.—Fa1Lure py or PLate ConNnecrors AND Bouts 


“holes, although all were fitted with rs in. bolts. The bolt holes in member A 
(which were bored halfway through the timber from each side) were found to 
be offset between opposite faces of the timber about - ts in. 1. Excessive loading 
of connectors and bolts was evident in member A by + the ;-in. indentations in - 
7 the bolts at the contact points between shear plates and steel gusset plates, i? : 
; by the distortion of bolt holes in connectors and gusset plates, which indicated — Ss 7 
a _ that the ultimate shearing capacity of each bolt had been approached. | ‘These — ‘4 
observations indicated that the connectors were loaded probably 
not more than two connectors being loaded at one time. _ a 


= Although 1 the fabrication of members B and C (Fig. 18) was found to be 


_ essentially correct, the three shear plates on one side of compression r member C_ 


found to have diameter holes instead of the required in. diameter 
‘hoes for #-in. bolts. No evidence of distress was found in tension member BD ie 


An, 


Ri: the basis of the foregoing ig estimated failure load, the computed tension 
er A was 3 64, 800 Ib, ora load of 10, $00 Ib a ae plate; and an ap- 
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‘proximate e deflection at is end of the idieaasss of about 8 in. was observed 
at time of failure. The possible influence of secondary stresses due to canti- 


lever. deflection, the foregoing load, was Investigated. 
deflections were: 


3 Cause 
Elongation of 


Noted MIW 


Note : All Bolts Unless Otherwise 


Further computations i indicated that, 1 with such t total caloulated deflection, 


 & load of 700 lb per shear plate was induced in member A acting perpendicular 
to the grain, with an average | load of 10,800 Ib per shear plate due to direct 
‘stress simultaneously acting parallel to the grain. Thus, it appeared that. 
— failure in . member A, in only a slight degree, was sdleted to the action of second- 
If the test load at failure was the ultimate load of the truss, the value, of 
| Be for six shear plates is equal to 2.81, , although the faulty construction 
probably ‘caused only two shear plates oe eet effectively at any one time. ; 
Failure of this cantilever frame was obviously the result of careless workman- 
(In aad manuscript 1 report on n joint tests, Rea for joint J11 is is given as 
“Tesiielie of the joint after the test showed entirely normal performance ~ 
‘a individual connectors, such as would be expected when connectors 
loaded to failure. - - Splitting, from w wedge : action of bolts, could be taken as the. 
ihe effeet of | secondary stresses, but it has been shown that these were of ‘slight: 
importance, 
— ae _ Although the sudden failure of the truss was regrettable, th he test of this 
existing full- scale structure has genuine value in emphasizing the ‘essential, 
necessity of competent engineering ‘supervision of structures if the design 
- intentions are to be executed satisfactorily; and economic and adequately 


‘safe structures are { to be provided. — ‘Ibis important t to observe that the truss, 


improperly constructed as it wa as, had a 1 capacity o of nearly three times its work- 
ing load, and was therefore a safe e structure. OT Te =e 
Chinese Building (Ch). Trusses.— —Tests on the Chinese Building were of 
five similar all-timber trusses with bolted joints. Each truss had a span of 


ft 8 in.; and, after) removal from the building, these trusses. were stored 
outside for about 4 months before testing. ‘When tested, their moisture in 

Fig. 20 shows a detail of one of the trusses. _ All truss members were ere single 
= of 2-in. dimension stock, No. 1 common Douglas fir. The. compression | 
diagonals were framed on one side of the chords and the tension verticals on 

. the opposite side. This detail was later found to be an important factor in the 
behavior of the trusses: under test loads. x Single e bolts, with cut-steel washers 
under heads and nuts, were were used i in all joints except | the four end joints. Bolts 

= found to be reasonably tight at the time of testing; they we were not 
- ‘titeed. . Although there were a number of knots, none seemingly reduced 
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strength of the truss. Members were relatively “free of “checks except 
verticals U1-L2 and U5-L6, in which ‘1}-in. bolts had end distances of on only 
i in.—and checking had started in several instances. “<a 

- Testing—The trusses were tested with concentrated loads while supported 
te hangers from the laboratory roof, ‘as shown subsequently i in Table 9. In 
the building from which the trusses were taken, the roof sheathing had been 
nailed directly to the top chords, thus giving them lateral support. In the 
tests short | pieces s of 2-in. by 8-in. timber were nailed to these chords to form | 
T-sections between hangers, thus providing equivalent lateral support. As_ 
usual, deflection readings, _as well as deformation | measurements, were made at 


by “gages. It is judged that ‘the method during 


testing gave about the same resistance to this twisting and bowing as in the 

wi pi: Trusses TCh- 1 and TCh-3 fi failed i in the lower ¢ chord splices, ¢ each ¢ of which 
four §-in. bolts and a few nails. Consequently, the remaining “trusses, 
TCh-2, TCh-4 and T TCh-5 were reinforced at this splice, so that failure’ 


would occur cag Truss TCh- 2 failed by combined bending and direct 


stress in the tension v vertical ‘Ul- L2, as shown i in F Fig. ‘21B. on rey 
Trusses TCh-4 and TCh- 5 failed by the shearing ‘out of the wood i in the 
end distances in verticals U1-L2, and by the ‘splitting of the chords. Ih truss 


_TCh- 5, the nut had been omitted from the 1-in. bolt connecting the three 


members at joint Ul. truss proved to be the e strongest of all five, possibly 


member Ul- L2, which, with the exception of of the lower chord ‘splices, » Was the 


: weakest factor in all trusses. The omission of the nut threw a larger part of 


_, moment t to the end ‘diagonal, and this member, a 2-in. in. by 1 10-1 in. stick, was 
Results of Tests, Trusses TCh.— —The results of the tests are given in 
_ Table 3. Fig. 20 shows typical d defor mation curves for the lower chord for 

three separate sy stems of loads on the truss. Fig Tig. 22 shows a ty pical center 

. curve of the lower chord as plotted against the total truss load. 
Fig. 23 shows another load deflection curve, for the condition i in which one of 

the trusses was loaded to about 90% « of its ultimate capacity (reading No. 11); 

the load was then released, measurements taken, and the load reapplied. In 


ye of the span was waa noted, when the the 
which twisted the chords subjected the web members to bending moments 
a this twist. In the » vertical U1- -L2, the calculated stress in the 2 2-in. 
by 4-in. vertical, at the bolt where failure occurred, was 1,030 lb per sq in. in 
tension, and 8,400 Ib; per ‘sq. in. in bending—a_ total of 9,430 Ib per sq in. 
—— an Reevalue of 5.9 based on 1,600 Ib per sq in. of allowable 


‘The ount of twist in . the chords i is shown samen in 
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Fig. 24. As 1 ene previously, this vertical U1- -L2 had very short enc 


distances for the size of its connection. In all the trusses, splits occurred i 


= 


‘Re. 21B. AND ING FAILuR 


these end distances"at loads below the capac 
theless, the > splits_ did not directly cause failure of the aoe. If the °c 


load in the verticals is taken as s the sum of allowable loads on the bolts (2, 200 


= 


— TESTS 
F TEsT RESULT Ss; 


OF THE E CHINESE Bur LDING (Ch) 


per sq 


Tres | failure > (Lb. on lin (Lb 
Ib on truss truss | ft of roof) 


tions 
® 
7,390 Lower chord splice 


{ 17% 
(1/783 7,450 Joint U1 in U1-L2¢— 
1/885 | 8,910 | 1/149 | Joint Ulin U1-L2 | 11, 228 
laos « These are approximately the deflections caused by design loads, which correspond with 72 lb per lin 
tt of truss, or 36 lb per 4 of roof. » Broke in combined tension and bending at point L2. ¢Shear in the ~ 
_ end distance of the 1-in. bolts at joint Ul in member U1-L2; then the chords split from the twisting action. 


n Truss, 


TABLE 


= 


— 


‘Toran Maxum 
Stress (LB) | 


= 


— 


at point of gaitures | | 


‘Truss Lower chord with End Distance 


|Design| 


splice values | 
_ 42) ¥ a3) 0 


14,319 

15,896 
(Reinforced) 
(Reinforced) 


en, P 4 Ends of members U1-L2 and U5-L6, that were not checked, split at stresses, in the members, equal © 
to from F =2,100 lb to F =3,600 lb, ¢ Nut omitted at Ul. / Using a value of 90 lb for each assisting 16- _ 
penny, nail. ¢ Did not fail in splice because it was reinforced. * At the point where member U1- io 
tocke t in bending. *‘ Based on an allowable load of 1,600 lb per sq in. in bending. 4 Allowable loads on 
member U1-L2 as governed by bolts, based on their values in the 2-in. by 4-in. stick, parallel to the grain, 7 
and without reducing for the short end distance, is 2,200 lb at joint L2 and 1,960 lb at joint Ul. To allow 
= short end distances these values are reduced 50% to 1,100 lb and 980 lb, respectively. - Allowable loads: 
on U1-L2 as governed by Stn mm based on their values i in the chord, across the the grain, are’ 715 - at, joint 
L2 and 653 lb at joint U1. n member U1-L2 not in chord. 


~ Ib at L2 and 1,960 lb at U1) as given in footnote’, Table 3, it is seen that these . 


splits occurred early it in the progress’ of 1 the tests. _ They er evidence the effect of 
short end distances for bolts. 
: wr No tests appear to have been made on the ‘complicated action of the bolts — 
8s found in n these joints; hence, the question arises as to the allowable bolt 
values for such details. In Table 3, the ratios for the joints. L2 and U1 “(see 
2a Col. 14, Table 3) are based on the perpendicular to the grain’ value of bolts. 
as given in Col. 9. x. Table 3 neglects the action of of the diagonal on the far side. 
From this point of: view, the ratios would & seem a ample. On the other hand, 
the failures in trusses TCh-2, TCh- —4, and TCh-5 were a itself 
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Fie. 22. —Loap- CurvE FOR ‘Truss 


Center ‘Deflection, in Inches 
23. —Loap-Der.ection Curve ror Truss 3 

2 —_ on these values (a ‘procedure whi 
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In trusses TCh-4 and TCh-5, the chords developed long splits at failure— . 
probably another result of the twisting of the bolts. These trusses were ade- ¥ 
quate for the functions they served, although the manner of failure was un-— | 
_ expected and 1 not t in accordanee w with h results that m might have been expected | a . 
from usual or conventional investigatory computations. A change in the 
= 


stresses. Increasing the thickness of chords, for example, would have 

fr increased the bending ‘moments in verticals and diagonals and would also have | = 
| affected the connections. An analysis « of additional stresses in truss members 
‘and their connections caused by sizes and arrangement ‘of members: would — q 


eem to be justified when such factors same the carrying capacity of the — 


truss.” 


__ Apparently, the use use of cut washers did not decrease the strength of the _ 


loose of the pa the of the washers : appears to have 
little influence upon the strength of the connection, 
The strength values of bolts subjected to twisting, « or bolts - passing through 
‘members subject to twisting should be investigated further; : likewise, any y tend- 
-encies of the bolts to split the members they connect shoudl be determined. 
is related to the strength of bolts passing 


French Building (F) Truss.—This truss, | 37 ft, was built of 

_ members: connected eccentrically at | the joints with split rings and bolts as 
shown: in Fig. 25. All web members were | diagonals, of two 28-in. by 73-i -in. 
_ sticks each, and each diagonal was connected at each end to the single stick, 


in the of the connections of a truss. 
=) 


4 in. by 10-in. chords with one pair of split rings with hi in. bolts. 
While dismantling the building, web members U1-L2 and were 


_ § damaged, and these members were replaced. Otherwise, no Tepairs were made. 


examination ¢ of the truss disclosed no other damage than that ‘noted. 
2 Wood was of dense select structural grade, Douglas fir, and had a moisture — 


ing applied as 
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It was observed that cracks about } in. wide had developed on the wide faces Pa 
of the chord, these cracks appearing to be similar to the failures of the North ” 1 


the joint at L5 cracked audibly the load to about 5.0 
le Square Court Truss (TNS), described as tension perpendicular to the grain. at # 


‘large plate washers were installed in the chord at joint L5, and tightened. 
‘Similarly, four stitch bolts were installed at joint L2, but these were left 
-untightened 80 that they would not interfere’ with further testing. Loads” 
Were then en reapplied; and, hour and 14 n min later, a large split developed at 


Loads: were | then almost completely released, and fo four 3-in. stitch bolts with — 
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: int L2 when the truss was loaded with 27.1 kips. | This failure, shown _ 
- Fig. 26, wai was apparently also caused from tension perpendicular to the grain 
The photograph reveals that the e split i is widest at the center line of the joint, as 


~ tapering off to nothing farther from the joint . After this failure the loads — a — 


were released and the stitch bolts at joint L2 were tightened. Lo Loads were 


26. or Truss TF at Jornt L2, Berorp TIGHTENING THE St1TcH Botts 


; reapplied, when, a ata maximum load of 31. 31.2 2 kips, joint L2 failed again along the 
- original split. 7 In this second failure, because the chord member was held tight 


the joint. _ The widening of these splits was apparently caused by the large 
_ bending stresses induced through the eccentric connection which tended to 


this load had dropped to 18.5 kips. 


Results of Tests, Trusses TF. ~The results of these be summarized 


Load Based o1 on n Dense Select Structural Grade): 
In inches. . 


: together at the joint by stitch bolts, the split grew wider as it went farther from es : 


rotate the chord Immediately af after ‘failure, th the truss was sustaining a a 1 load of of 


a a kips, which was allowed to remain “overnight. The following morning oo” 


q 

‘ 

mo 

vs. 

— 

06000 


Truss Load, in Kips: 


first failure (joint L5) 
Ratio | Rea as Limited by the Strength of of: cr. _ 


a 


Taint ‘L5 reinforced (did not fail ii and showed of 


Average Unit Shear, in in Pounds per ees Inch, at Failure in: in: 


Joint L5 unreinforce 


“Stresses the members. (Table 4 an approximate 
method that. takes the eccentricities ir in the joints: into account. . Deflection 


The estimated 


4 load Wea on the truss 


4,— —SrTREssEs F FOR AXIAL Lops IN. was 9.8 kips, based on 


MEMBERS (AT FaILure (Kips) the connections of the 


[Unrein- Rein-_ Unrein-| Rein-_ bolts, the ultimate loads 


forced | forced? a forced | forced? 
about one and one-— 
17.1 | 36.7 | 287 | 150 | 313 
Vertical component | 185 | | 17:7 | 94 | 196 half times the estimated 


allowable load, giving a 


__ the stitch bolts had been 
the truss was Reo = 3. 1, indicating that the stitch 

bolts would be of considerable v The nature of 

- the failures of this truss emphasises again that the : stress of tension a 


reinforced jointa did not fail ratio Res of 1.7. beet 


cular to the grain is is likely to be the determining factor i in the strength | of joints in 


_ which the members are eccentrically connected. If such connections ea 


be used, the probable amount of this stress should be | determined so that the 


capacity of the connections will be known. 


Merry-Go-Round Building (M) Trusses —Two -timber trusses 
and TM- -2) 0 of similar design, spanning 54 ft 1 in. and 51 ft 43 in. , and using 
Ray = double Warren type of framing, were obtained from the Merry-Go-Round _ 
Building and tested to failure. Top and bottom chords were e approximately 
parallel, 6 ft 8 in. apart at the center, and all members were connected concen- 


trically using split rings and 3-i -in. . bolts. ‘Trusses: and were connected 
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to rigid-fr frame bents for resistance to 


- trusses are shown i in Figs. 28 and 29. In dismantling the building, the trusses 
= age over and fell on _the ground, injuring several “ their ‘members. 
in Fig. to one. diagonal and at ons reaction point of 
le wens 5 TM-2, as shown in Fig. 29. As a result of the repairing, it is believed 
that the test mel were by 1 the trusses. 


—— 


Center Deflection of Lower ‘Chord, 


were of select structural Douglas fir a and toned had a 


"moisture content of about 15%. 
‘Testing —Loads were applied as in Fig. 28. The testing span of 
; _TM-1 was 54 ft 1 in., , whereas that of truss TM-2, on pone of the repairs 
a the left end, was 51 ft 43 in. Gages were installed at the top and bottom 
chords to truss deflections, and dial gages we were located to 
o* chords of e each half of f the trusses were re subject t to > equal ax and opposite 
- twisting me moments. . —_ to measure this twisting were installed in locations 
‘Truss TM-1 y 1 was — with 54.2 kips over a period of about 6 hours, 
; when the load was released. Upon reloading to 51.60 kips, failure occurred i in 
‘ “the lower chord splice. The splice was | then repaired; and, after 21 hours, the 
truss was reloaded to 72.90 kips, when a check and a bow had developed in 
the top chord at joint U7. At a load of 81.70 Kips a large split appeared in 


the bottom chord at joint L2 (Fig. 30) and almost simultaneously at joint v2. 
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Four 4" Split Ring Washers 
x 8! Fill Pad Two 3"xgt 
Eight Bolts 


o 

o 
= 


dded to Take 


It Was Cut Off and New Member © 


(Two 3!" x 14!) A 


Because of Damage to Left End of TM 


3" x 8" Fill 


“Eight 2" Bolts 
a 
DETAILS OF oF END OF TM-2- 
4 Fre. 29.—Deraits or Lerr or Truss TM-2 (REMAINDER oF THIS TRUSS THE 


3. 28.—Truss TM-1, 
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After — the lo 


ad, a total of 83. 30 kips v was then applied, when these 
splits became larger and a new failure occurred at joint L2 (see Fig. 31). The 


diagonal member U5-L4 split and rotated as shown, and failures at other joints — 


1.—Roratina AND Spi DIAGONA 


6 


x 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050 0.055 0.060 0.065 0.070 | 


- In view of f the experience in tention om TM-1, ‘the lower chord splice eof 
truss TM-2 was reinforced before testing. When the load had reached 83.30 _ 


kips, a crack about 241 ‘in. long opened | on one one side of the lower chord of joint — 


tress in Diagonal, 


ers. 

— 

‘ 
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, and a maximum 88. 20 kips. The e load then 
/ dopo to 80.70 kips—which load was allowed to remain on the truss « over- 


following morning, the truss still carried 62. 10 Lo 


3 


plice, in 


er Chord S 


(001 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 —_ 0.11 0.12 O13, 
Deformation, in Inches 
Fia. 33. —DEFORMATION AT THE CHoRD Gerace, Truss 


Stress in Member U11- 7 


tress in U12-1 un 
With at U12 
£13 
Stress in Member 


L12 With Average 
Deformation at L12 


Stress in Member 


U12-L11 With Deformation 


No Reading 
No. 12 


09 0.12 O15 0.18 021 0.24 030 
Deformation. in Inches 


he — 
its 
al f 
4 
| | | | | | 
eadings 9 and 10 With Load Left on Truss 
| 0.03 0.06 — 


a Failures in this truss were quite similar to those in truss TM-1—that is, 

- a lengthwise splitting of the chords. This truss also showed distress simul- 

“taneously at various points before the maximum loads were reached. — Like 

truss TM- « the top chord bowed and split at joint U7. In addition, shear 
| in the end distances were noted at several points. = 

When testing both trusses, cracking noises were heard at loads of from 30 

kips to 40 kips which were believed to be caused by shearing of split-ring cores. 

_ Upon disassembly of the trusses, some cores of split rings were | found sheared. 

Most. of these were near the ends of the trusses in the chord members. At the 
lower chord splice of truss TM-1, several cores were found broken off with 


‘indications that this condition had existed for some time } prior to testing; ; 


"possibly having occurred in wrecking the structure. 


Results of Tests, Truss TM significant test: data ‘to be recorded for 


these trusses are; 
Deflection at a Truss Load of: 
25.3 Kips (Approximate 


of span. 
88.2 Kips— oa 
In inches 
Ratio of span. . 
load i in truss: in ki 


Chord unit compressive stress, in per | 


7 


inch, joint U7, at failure. . 
Ratio of ultimate load to the uir 
roof loads be 30 Ib sq. tt trusses. 


spaced 17.75 ft, center to center : 


e satis wg 9, the | chords failed at ; splice plates, whereas as designs based 


F 


the bottom chord o ‘of the truss for five 
shown in Fig. 29 = Fig. 32 indicates the center deflections of the top and bottom 
_ chord . Fig. 33 shows the total elongation of the lower chord splice under ok 
Fig. 34 shows deformations at the joint of each end of diagonal n members — 
and Ull- -L12. Fig. 35 indicates the angular twisting of each 


of the lower chord at, points M1 to M5, as i in Fig. 29. ee a 7 


vito the web members| are not s all of equal section, all have equal 


onnections. — ‘The trusses are statically indeterminate but the stresses in nthe 
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web ‘members were on each web system took 


50% of the 
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Trese¢, 


Forces Tending to Twist 
-—| Each Half of Chord 
LEqual Opposite Directions 
‘Twisted Chords 


Angle of Twist of 
Each Half of Chord 


+ >-Original Position a 


a 
of Chords 


Ss © Lower Chord 


10’ 0° 20’ 0° 30’ 0°40 0° 50’ 1° 00° 1° 10° P20 P30 40 50 2°00 2° 


Fra. 35. —ANGULAR TwisTING or Haur oF THE Lower Cuorp, Truss TM- -2 (Sze Fia. 29) 


In truss TM-1 the fir, st in the lower chord splice—possibly 
_ Therefore, 0 recommendations 


this TABLE 5.—Rarios BASED ON THE 


The top chord | compression splice Working Capaciry oF TIMBER 
at joint U7 showed signs of distress 
because uneven bearing on the om 
= cuts which caused both split- — 
Stres 
om and bowing of the members. 
‘This bow: was accentuated because of 
Troms TM-1: 
shrinkage an and also because, i inthe test, -I 
center panel point was unloaded. 
Ther ratios (Rea) given in Table 5 
were based on working capacity 
f timber connectors P. although  @§$tresses in diagonals at failure of truss. Ra- 
failure | of ‘the trusses came about — tios based on connector values in chords. °¢ Ratios 
h ’ based on connector values in the web. The truss did Ph 


splitting of the chords, and was not 


to the connectors. 
Fig. 36 illustrates one conception of theoretical forces acting on a typical a a 


joint. The 1 vertical components of the stresses on diagonal members are 
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. 36. 


Note G.—Restraining compressive forces F. induced by the moment Xe (see Note A). 
- Note H.—Force F; resisted by bolt tension to the opposite half of the joint. | ae 
u rt TT Joint Tests: Compression on 
— Tension Splice Joints with Plywood Splice Plates and Split Rings.” The 
- complexity of the problem makes it pertinent to cite a statement by John A. 


Scholten, asfolowes 
“CO id bl I as been made in the theore l | | 
_ _ “Considerable progress has been made in the theoretical stress analysis 
_ of connector joints and in correlating the results with basic data on the 
mechanical properties of the wood and metal. The fact remains, however, 
that the stress distribution is so complicated, and the assumptions involved 


are so often invalid, that actual tests must be relied on to provide the 


Mecessary design data.” 


_ 8“*Timber-Connector Joints: Their Strength and Design,” by John A. Scholten, Technica} Bulletin No. 
866, Forest Produets Laboratory, Forest Service, U.8.D.A., Madison, Wis., March, 1944, p14, ; 
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In ‘members, ers, such as t these chords, grooves of split rings take the 
a relatively large area of the chord section, thereby reducing resistance of the 
_ chords to stresses caused by the forces shown in Fig. 36. aa a 
a The tests show that the present methods of design analysis. weually © em- 
ployed i in trusses of this type (using connector values but neglecting the stress 
- effect on the connected members) may not, and probably will ill not, r reveal the 

7 % ‘critical. stress factors. For example, Fig. 36 illustrates the many forces that 
be acting in an apparently simple connection. Because of the wide 
a i application of these types of joints, further full-sized tests and ened should 
be continued in an endeavor to establish a rational basis of design. 


North Square Court (NS) ‘Truss—Perhaps the most important 


- obtained i in this test pen. were » from the test of a truss taken from the 
- Square Court area. This truss, with all members of ‘wood , about 
10. 5 ft deep, nating about 48 ft, had double stick we b members connected 


Details of the truss are | shown i in in Figs. and 38(6). 


Note 3" Plywood - Under Jack Loads Not Shown 
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Plate Washers 
(a) JOIN JOINT rue 


JOINT L3 
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workmanship of the truss was as was by good fits, 
‘indicated by inspection before testing by examination of the dis- 


by by chords. These were of boxed-heart material and had some checks, 
those in the top chord 1 near joint U6 being about 3 in. wide and extending toward 
the heart from both faces. For reasons to be explained subsequently, these i 
checks apparently did not affect the test results. 
a ~The truss was stored outdoors for about two and one-half months after its 
_temoval from the structure and was tested at an average moisture content 
varying from about 10% to 14%. Because of shrinkage of the timbers, bolts 


were generally loose from about in. to in. 


_ Testing—The t truss was tested in the typical manner. About one one hundred 
gage points were placed a as indicated in ‘Fig. 39 to measure | deformations. 
"Loads were applied as shown subsequently in Table 6. Gages LD- to | LD-11 
_ and UD-1 to UD-13 (see Fig. 39) measured deflections of the truss and indi- 


— bending deformations of the chords caused by eccentric joint connections. 
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Theoretical ] Reading No. 15 
Deflection for Concentric A H & 
Pin Connections T 


Rotation of Joint 
Due to Eccentricity 
Shown by A 
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DIMENSIONS 


Reading No.9 
=< ‘Load on Truss 41,980 » 


Reading No.15 
aa on 57,500 Lb 


38. —Loap-DEFLEcTION CuRVES, Truss TNS 
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Angular changes between members as well as slips of connectors were also 
measured. » Additional sets of gages were placed on three of the web members — 

to measure the bending effects caused by direct loads, since these loads were 


applied at the faces of the members rather than at their centers of gravity. <a 


RU2A-RU2B-RU2C-RU2D 
Similar Respectively to 


Similar Respectively 
wanes -U2C-U2D © to L3A and L3B 


“On Center Line of 6'' Face of 6''x 12!! 


ay 


Symmetrical About Center Line 


‘A total load on the truss of 42, 000 Ib was applied ovbulte over a period 
of 8 hours. Loads were then released and testing was resumed about 48 hours. : 
later. . After reaching a load of 62,600 lb a cracking ‘noise was heard and a “7 7 
split opened in the lower chord at joint L3. 3 This split was } in. wide, and was — 
‘increasing | in width | as the pressure on the loading jacks decreased. — Loads | 
were then released and stitch bolts were installed in the chord at. joints 13 
and L5 as shown in Fig. 37, although the nuts of the bolts were not t tightened 
“until the truss refused to take further load. 
_ _ When the test was resumed, failure developed again at joint L3 at the same 
load of 62,600 Ib. _ When it was apparent that the truss would not resist 
greater loads, the ‘stitch bolts were released and the nuts ¥ were tightened. 
‘Testing was resumed; sand, at. a load of 65,020 lb on the truss, joint U2 failed, — 
as ; shown in Fig. 40 (note. the uncovered 1 ring groove on the left-hand diagonal). 
Further testing after reinforcing the joint with stitch bolts brought about 
deformation i in the top chord, as shown i in Fig. 41. After: further reinforcing 
4 joint U2, the next failure occurred at joint U6 in a similar manner at a load of 
67,400 Ib. ‘It is important to record that, in spite ¢ of existing deep checks at 
> pont U6, splitting followed new lines, although at some points they were only 


4 in. apart. | Fig. 37(a) shows the | position of splits i in the | chords whieh wa was 
seem- 


rs 

Gare 

Be Unless | Zo 
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‘ingly independent of existing checks in all cases. 
= Results of Test Truss TNS.—The results of this test are summarized in oe. 
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TABLE 6.— ALLOWABLE Loaps, Ratios FOR 


| Stress, F, in the member at failure (kips) 0.9 9 | 24.6 48.4 49.6 
Allowable load, P (kips) . 17.9 


27.2 ie i 
14a | 1.78 is | | 


ar After failures shown in table, each individual joint was reinforced te penne permit further testing and > 
= at other joints. >’ Not a factor in failure. 


The: following information concerning deflections was observed: 


Deflection at at t the Allowable Truss lend of 36. 5 Kips, Based 0 on a 
an Allowable Stress in Diagonal U2-L3 Corresponding toa 7 


Load of 930 Lb Lin of ‘Truss: 


| Ratio, R. , at failure. . 
ati ca. oe 


ips: 
1/370 


38 shows the deflections of the bottom and top chords 


loadings. effect of bending moments in chords, caused by the eccentric 
connections of the web members, is by the dotted rere in Fig. 38(a). 


- vaious stages s of loading. | Fig ig. 43 | gives deine on the bowing of the two sticks 
‘ of diagonal L1-U2, because the loads were applied at their faces instead of at 
of This” occurs quite commonly i timber 


_~ effective with consequent increase in bending stresses. Members com- 

posed of two sticks, as were these web members of this truss, ail have their 
7 capacity "increased at only slight additional expense if their sticks were 
tied together to form an integral member | similar to the “battened” steel 


column. the sling of coum 
U2. ‘The average slip « of a connector (split was 0.06 in. for 
. load of 4, 000 lb applied at an angle of 50° with the grain of the wood. Fig. 45 
shows the deformations at four gage points at joint U2. - Using these data, 
' the approximate angular change between the various members may be calcu- | 
lated. 
~The m most important feature of this test wa was the demonstration that failure 
a tension perpendicular to the grain in the chord members at the eccentric 
joints limited ultimate history of of timber 
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testing, there seems to be no previously published r record of this type of failure. 
It It is known that, when designing this truss, shearing and bending stresses 


created in the chords by the eccentric connections were carefully investigated; 
in spite of the unusual care exercised in the design in of 
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San (SF) —This test wa was of an all- timber truss. 


| with bolted connections taken from the San Francisco Building. It had ‘- 
| span of 33 ft 4 in. and a depth of 13 ft 10 in., and its, chords were ‘substantially | 


When tested it had a moisture content of about 14%. 

_ The details of this truss are shown in Figs. 46(a) and 47. We eb members — 
were I-shaped, made of three 2-in. by 6-in. sticks nailed together. _ The Qin. 7 
by 6- -in. webs were butted against the 6-in. by 12-in. chords of the truss, being ° 
angle ¢ cut in the base of the diagonals, ar and the flanges were carried over the 
sides of the chords and bolted through with 2 }-in. ‘round bolts with malleable * 
iron washers. Timbers were of select nied grade Douglas fir, and were 
in good condition except at joint U1, where the end of one flange of the diagonal 
U1-L2 had been notched to provide clearance for a roof rafter. This flange . 
had a check which had started at the point of f the ‘notch. Shrinkage of the a 
wood had caused all bolts to become loose from about in. to fin. 


_ Attention i is called to the pattern of the bolt arrangement at the end con- 


nections of Ul- ~L2 and U4-L3 (see Fig. 46(a)). At joint Ul, for cnamgle, 
the longitudinal center lines of bolts we were staggered by about 1 in. only; a 


“SECTION 


Fic. 47. —Szction DIMENSIONS (See Fic. ‘46(a)) 


this helen, cunbiued with the notching and checking, proved to be the caus 
early fe failure of | thisjoint. 
< _ Testing — —The truss was installed | horizontally in the testing structure, a 
- tested in the usual manner. _ Testing was started late one afternoon, and 
loads of 1 ,840 Ib and 1,650 Ib w were to panel and U3, respec- 
were released, and on 
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the recovery was measured. The next the very slight recovery overnight 
was measured and | loads were again applied. — The first failure occurred at joint 
Ulin the notched end of U1- L2, ata total truss load of 18,700 1b. The e damaged 
2-in. by 6- -in. flange « of member U1-L2 was removed (see , Fig. 48(a)). The 


block had sheared out wd nod bolt, and its width is the same as the diameter 


of bolt. Fig. 48 (a) reveals vidence of wedge action. 


“Fro. 48. OF UPPER CuorD ‘JOINTS, Truss TSF 


(a) Jomr U1 
> After this failure, it was oun tected to repair the joint and continue testing. 
This S was done. on the next ( (the ) third) ie and testing continued until failure 


San Francisco T Tavss ‘TSF 


Ben .—At a total allowable ed 0 (corresponding to about 375 lb per lin ft of truss, or a total all of 
« 8.2 kips), the deflection at the center of the bottom chord was 0.25 in.—that is, 1/1,600 of the span length. 
_ The maximum recorded deflection (with a load of 40 kips on the truss) was 1.70 in.—that is, 1/235 of the 


Allowable 


End | Cross | Col.2 | 
lin ft) ° bearings | bearing Col. 6 


“24.0 | | 15,511. 


9,000 68408 4.65 | 3.54 | 34,800 
9,000 | 6,840¢ | 5.09 | 3.87 | 19,800 


—- @ Stress F in the member (Col. 2) corresponding to applied loads of w (Col. 3) or W (Col. 4). ° Based 
7 et on the bolts of the given joints being subjected to end bearing (Col. 5, at 0° to the grain) or cross bearing 
(Col. 6) for stress on the end diagonal. In Joint U1 (6-in. by 12-in. chord) the cross grain was at about 57° 
“and in Joint U4 at about 45°. ¢ Only the top member of the I-section failed at 31.9 kips. The loading 
— was increased unti! «t 34.8 kips the entire connection failed—top and bottom. ¢ Not critical. ¢ The load 
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truss of 31, 900 Ib. - Without rep it repairing the the joint, the load was increased until, 
at 34,800 lb, the other flange ¢ of the diagonal at joint U4 also failed. Fig. 48(b) — 
illustrates these last failures. 2 

«Re Results of Tests, Truss TSF. All failures of the truss occurred i in the wood 
at the bolted connections. — ‘Fig. 46 shows the deflection curves of the lower 


chord. — Fig. 49° shows the ‘center deflection of the lower chord plotted against 


"2 31110 08 2.0 oe 
- Center Deflection of Lower Chord, 
49. ER DEFLECTION, Lowsr CxHorD, Truss TSF 
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‘Fic. 50. —DEFORMATION OF U1- L2 wirn Respect 1 


| the total load on ne truss, and Fig. 50 shows the ax axial deformation of the 
7 member | U1-L2 with respect to the 6-in. by 12-in. chord at joint Ul. 
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34,800" 
Based 
e loading the joint detail (U1) that failed—in this case determined by the allowable 
on the bolts, Ps. The computed (8,200 Ib) corresponds to about Poa 
——= §§ °75 lb per ft of truss. If the failure of the defective notched joint Ulisex- § (i 


¥ me - eluded ai as subnormal, the truss may be s stated to have failed ata load of 31, 900 


lb, , corresponding to about 1,750 Ib per lin ft of truss. ~_ read 4 the | 
Pst It is important to note that | the joints did not fail in the manner indicated § singl 
calculations of their strength. To illustrate, Table indicates that, in 
joint Ul, the allowable load for the diagonal U1-L2 is the allowable load for 5 : 
_ the bolts i in the end of the diagonal | based on bearing parallel to the grain of § —— 


the ty two 2-in. by 6-in, diagonals, or Py would equal 9,648 lb. The critical 
allowable load of the , joint, however, would be based on the bolts bearing at 
—«687 ° to the grain in the ¢ 6-in. by 1 12-in. _ chord, or P, would equal 6,390 lb. | Joint 
Ul, however, failed in the diagonals by shearing out the ends of the 2-in. by 
6-in. sticks. Basing the ratio R on the action that caused failure, /-R-values of 
1.98 at joint U1 and 3.54 at joint U4 are determined. _ The greatly superior 
Sapo of joint U4 may be ascribed to two factors—first, the bolts at joint 

U4 were staggered slightly farther apart than those ¢ at joint | U1; and, second, 
at joint U1, checks had started at the base of the reentrant andle cut, weaken- 


ing the shearing resistance of the wood to the bolts. pines 


The arrangement of the bolts in joint U1 was poor, undoubtedly lowering 

the joint strength. A smaller number of bolts with proper spacing and end 
ont (in accordance with the recommended practice of Technical Bulletin 
No. 3324 of the Forest Products ergs age probably. would have > given eq equal 


end. distances would have yielded : a higher strength then the three bolts 
with the arrangement and spacings used. 
ae The importance of proper field supervision is emphasized by t the unfor- 

tunate notching of an important structural member for a very minor purpose— 
the location of a roof joist. In this case the notch unquestionably reduced the 


‘strength of the truss, 
Before it was repaired, the truss yielded a Rsa-value of 2.94, in bearing 


at an angle to grain, failure parallel to the grain being caused apparently by 
design and construction defects. at joint Ul (see footnote’, Table le 7). After 


repairs in which these deficiencies were corrected, the carrying capacity of the 
_ truss was increased nearly 75%, although the detail of bolting for joint | U4 
b _ An inherent property of timber structures is illustrated in this test: Even 
; ile the truss failed, it successfully held a load corresponding | to two or three 


Comments on Tests of Trusses. —The following comments, representing con- 
‘ 7 satin drawn from th the results of the tests of the sixteen trusses (twenty tests), 


>, 


Of tk the twenty tests “made, on sixteen trusses, the results show that— 
a five failed because the wood members ruptured at joint details; six failed at - 
mA ___ botted joints; and nine failed at connector joints, , due to types or combination ae 
ae -£ ‘The truss with the highest R-value of 7.3 was truss TCh-5 (see Table 8) TN 
eo os which had its compression diagonals framed on one side of the chords and its : t 
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tension diagonals on the other—a type discussed in conclusion 6. _ Except for 


ions of web members to chords were made with 
single bolts. 


7 TABLE 8.—Summary or Tests, Dovenas Fir Timper Trusses” 


» 


TB 


yerior 
joint 
cond, 
aken- 
ering 
1 end 
illetin 


p | 


> 


q 
‘Type and of 


umber 


(a) ALamepa-Contra Costa Trusses, TAC; Span, 39 Fr 4} In.; Hercut 6 Fr 0} In.; 
‘GRADE or’  Rop- -AND- ~BLocx “Woop Draconats, an AND Rop VERTICALS 


1 /790 1/255 Failed in the butt Low shear values were the 
1/665 1/257 §| of the shape of butt blocks and the combined stresses. 

1/775 1/378 } | Failed by shear in the butt blocks. The surfaces of the butt blocks 
1/775 1 1/468 § | were paraffined thus us reducing | friction and yielding kc lower test results. 


2.95% 1/233 Tt he failed in tension across the grain, TB-2 t the 


CavALcapE TC; Span 33 Fr, 5 In.; 


TC. The crown joint failed under preliminary loading; careless work- 


— 


; (@) Buripine Trusses, Span 38 Fr, 83 In.; Heraut 4 Fr 44 In.; No. 1 Dimension 


1 /690° | Failure was hey tension in the splice. There was con- 
1/870 bd siderable distortion under load because of yen framing. — 
1/685 .| Failure was by bending and direct stress in the end diagonal. 


Bolts sheared out of end diagonal¢ = | 


d fom 
f 
ose— 
d the 
aring 
by 
y by 
| a. lass 
TAC-2..] 2.95 
of the TAC-3.. 2.55 
BuILDING [RUSSES 1D, DPAN 44 FT, 07 IN.;, NEIGH PT, 1U IN.,; DELECT GRADE OF LIMBER, 
“TBH... 
et) 
at — 
0. 38%, — 
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0 
_ Test ‘Type ar and location o of failure 7 
(e) Frencu Trusses, TF; Span 35 Fr, 7} In.; Heronr 3 Fr, 644 In.; Seuecr Grave or 8 
| SPLIT Rivas, WITH ONE Stick CHORDS AND AND Two Stick | WEBS 
1.5¢ | 1/720. 1/270 failure in the ant joint L2. be 1 
. simt 
Merry-Go-Rounp Buitpine Trusses, TM; Hetaut/’ 6 Fr; Setect GRADE or TimBeER; Rives Con 
Two ‘Srick (ONE Sy System) ; Draconats / ARE "One Stick AND Two ‘MEMBERS 
TM-1.. .-| 3.390 1/567 4/173 Failed by splitting at several and 
TM-2. 3. 600 1/630 1/187 | Bottom chord at 
(g) Square Court Buripine Trusses, TNS; Span 47 Fr, 63 In.; Heranr 10 Fr, 53 In.; Srevc- of o 
TURAL GRADE OF TIMBER, WITH SPLIT Rings IN THE ONE Stick Cuorbs AND THE Two Stick WEB ( 
TNS. 298) 2/685 1/370 Cross- -grain failure by tension‘ in the chord at joint L3. Ne 
(h) ‘San. Francisco Trusses, TSF; Span 33 Fr, 4 In.; Heraut 12 Fr, 10 In.; Grave For 
OF TIMBER WITH Jomrs AND NAILED MEMBERS 
Bolts sheared at joint v2, emphasising importance of proper bolt 
2.0) | 1/1,600 | 1/235 
5 4 a . The sania of jn tests show a friction sien of 0 0.315 in the butt blocks. ® In this shallow truss the indi 
chord bending effect was ignored in computing the R-values. ¢ The bottom chord splice was reinforced. the 
There was considerable distortion under load. ¢ R varied between 1.5 and 3.6. ¢ Stitch bolts held excel- : 
_ lently after first failure, adequately reinforcing joint. ‘Span lengths: TM-1, 54 ft, 1 in.; and TM-2, desi 
51 ft, 44 in. ¢ These values apply after the chord splices had been reinforced. * Initial failure at the a 
P bottom chord splice which, apparently, had been injured in dismantling. ‘ Eccentric joints require aeall = 
for cross-grain tension, R varied between 2.0 and 5.1. 
ol 
th pro 
truss with modern and the truss with butt-block connection: gen 
for compression members and tension web members of steel having about equal flus 
4, The average deflection for par rallel-chord trusses with depth-to-span str 
ratios of 1/5 to 1/8 was, for allowable loads, about 1/700 ot the span | (varying J1) 
1/567 to 1/885). 
7 = _A number of trusses failed at urexpected loads, such failures emphasiz 
‘ ing the lack of information on, or knowledge of, the local al stresses to be expected 80 
_—s ‘ in addition to the direct stresses. Even had check computations been made WO 
on the design, using conventional methods, some of these weaknesses probably @ m: 
would not have been disclosed, because in many cases customary methods of fin 
truss analysis would not have taken into account the stresses that actually | a 
6. The necessity of considering tension perpendicular to the grain for 
correct design of timber joints was one of the outstanding results of these 
tests. Examples of this need were disclosed in the cases of eccentric connec- 
tions of truss members, as (a) where chord and web members did not intersect = 
at common points, and (6) where e two we web members connecting ata = or ba 


= 
7 
| 
— 
| 
— | 
28 - 
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panel point were framed on the opposite sides of the chords, causing rotation | 
of the chords, bowing of the webs, or both, with resultant ‘splitting: of the 
7, The importance of adequate. end dista s for bolts, proper ‘Spacing © 

of bolts, and especially proper arrangement or of the bolts in bolt 


ome clusters,® was signally illustrated by some of the truss failures. ae 
The ‘possibility and effect of combining important stresses should be 
investigated in some designs. Suitable reductions of allowable stresses should 
be made if necessary. For example, where shear and flexural stresses occur 
—— § simultaneously in a timber detail, as in the end butt block of the Alameda- _ 
yee Contra Costa Counties | Building pin (TAC), an assumed working stress in 3s 
—— ff shear of 150 Ib per sq in. resulted in a low Rwa-value although this unit shear, a 
, and even a value of 180 lb per sq in. is allowed in a joint by authoritative 
aol recommendations without qualifying limitations for type of detail or presence | 
Sravc- of other stresses. 
‘The high values of were noticeable for bolted connections where 
f the size, spacing, and arrangement of the bolts were carefully selected, although © 
‘it must be remembered that the design loads recommended for bolts by the 
Forest Products Laboratory ar are based « on proportional limit loads rather than 
10. The indentation of the end diagonals of the Alameda-Contra Cote 
| Counties Building trusses (TAC) into the beveled surfaces of their butt blocks 
indicates the wisdom, | in this type of truss, of paying particular attention to. ; 
nforeed. J the compression areas afforded the ends of diagonal web members, if a balanced 


TM-2, design of truss is considered a desideratum. 


with and Shear Plates. —This part of the test 
e all- Fron consisted of tests on seventeen joints in which from two to four (but - 


tions generally three) members were connected together with steel gusset plates and 5° 
equal J flush-type shear plates. Fourteen of the joints were taken from the stage : 
a framing of the Cavalcade, two from the cantilever r root trusses of the same x 
-span structure, and o one from the Triumphal Arch. ~All the joints | except one (joint 
ying J Jl), were concentrically connected, or substantially so—that is, the — 7 
lines of the members met, atacommon point. 
hasiz- . All joints had been carefully handled during removal and in transportation, - os 


rected 80 that: their ‘strength factors would not be altered by s such operations. The a 
q 

made -wood w was in good condition except in a few instances recorded in the sum- _ 

bably JJ marized results of Table 9 and noted in the following descriptions of the — 


by. Joint J2. —Although there w was some slight checking, the pretest condition 
of the members of this. joint was excellent. Failure was characterized by 


Joints J3-J7.— —The pretest condition of these joints was excellent. 


‘wag characterized by splitting and shearing. ee 


136 Wood Handbook,” Forest Products Forest Service, U. 8.D. A., Madison, Wis. -, 1940, 
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TIMBER TESTS 
TABLE 9.— —SuMMARY OF TEsTs, | Joints WITH STEEL Gusset PLATES 


End | MaxIMuM Loaps 3 (Kips) R Stress, 
| Size of | .,|connec-| (kips) i ber | time 
No. member | 
| timber after | (min) 
(in) bolts Gn) = failure| 
® (4) | (10) 


-| 6X14 


; 60.0 + | 4.56 | 2.38 8.4 
3 | 81.04 | 3.53 | 2.05 0.7 

2] 40.9 + | 3.48 | 2.49 6.2 

2 46.0 + | 4.84 | 2.54 
2] 59.5+ | 4.81 | 3.28 0 

45.6+ | 5.04 | 2.53 7.2 

3 18.1 32.9+ | 4.77 | 1.82 15° 

18.1 44.44 | 4.79 | 2.45 6.1 

2 17.1 52.5+ | 4.54 | 3.06 0.6 

15.5 38.1 | 3.12 | 2.46 5.9 

15.5 | 39.1] 4.08 | 2.52 8.0/ 

25.1 | | 5.06 | 1.98 

3 18.1 | 10.9 | 34 
18.1 | Oe | 2.91 10.2 | 54 
18.4 | 53.8 <37.5¢ | 2.93 | 


\ ae Single stick members at each joint except J15, J16, and J17, which were double sticks. % Bolts were 
all { in. in diameter eo J11 and J12, which were { in. Except joints J15, J16, and J17 each bolt in- 

P :- two 4-in. shear plates. The three joints mentioned were designed with one 4-in. shear plate on 

each bolt. After disassembling of joint J8 it was discovered that three shear plates had been omitted from 
one side. ¢ Connectors were spaced uniformly 6 in., center to center, except joint J16 which was 6} in. 
4In joints J10 and J13, the compression member failed. In the other joints failure occurred in a tension 
member. ¢ No ‘‘proportional limit load” evident. 4 Held by theside; not sheared. ¢ Did not fail. The 
joint was holding but deforming. ‘1 hr 9 min on one day and 1 hr 8 min the succeeding day. ‘ Tested 
for 24 min; then permitted to stand at the design load over one week end and tested for 33 min on Monday. 


Joint JB. —The members of this joint were grooved for si six shear plates. “once 
 ?i disassembly it was discovered that the three plates o on one side had been tighte 


omitted. Failure was by tension, characterized by splitting and shearing o on In 


Joint J9.—The pretest condition of this joint is reported as “good. ” no Caval 


— Joint J 10. —The he pretest c condition was excellent except | for a a large ‘natural inclus 
check in the compression member that failed. This member was a boxed- ff field. 


_— stick, and failure was characterized by ain, splitting, and bearing. § sides, 


‘The shear plate slid intothelargecheck. == = T 
: a Joint J11 -—This_ joint came from a cantilever which failed at a relatively testin 
low load because of careless ss workmanship. The pretest c condition of the make. 


ber that failed was excellent ‘except that one shear plate had a hole 3 48 in. int i each 


diameter, whereas the remaining shear plates had } ‘#-in. holes. The threads ‘usual 
of the bolts were in bearing | on the steel gusset plates and the shear plates. tion 1 
Failure y was characterized by shearing and splitting, the bolts being almost | 
sheared through and badly bent. N13, 


Joint J 12.—The pretest condition of the tension member that failed was flush. 


excellent. As in joint J11, the threads of the bolts were in bearing | on the steel 

4 gusset plates and shear plates, and the bolts sheared through at the saab = 
. 

Joint J13. 3— Despite some checking, the pretest condition of the compres- 

y sion member that failed was good. Members 1 and 3 of this this joint did not fail. 

joint c came together and the members butted wood the 
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— Joint J14 —The tension on member ow failed i in this joint: had ‘appeared in 
excellent condition until it was disassembled. _ Evidently” the workmen had 
grooved t 


assembling the joint. | “Failure w was characterized by - splitting and shearing. 

Bolts w were badly bent; and failure occurred by shearing along old lines where 

oplit rings had been installed badly and where chips of wood had been removed. 
Joints J15 and J16.—The members of this joint were in good condition, 

with some checking ‘at the ends of tension. members, , 

Joint J17.—The members of this joint were in excellent condition before 

testing & There were no checks i in the tension 1 members, but there were knots iw 

and | a slope ¢ of 1/ 12 in the ¢ grain that caused bending failure i in the wood. ‘The 7 


| tension member failed by tension and bending of sean The shear plate did 
not fail. 


“Except 3-in. gusset plates of joints Jil and J 12, all plates were 
& in in. . thick; #-i in. bolts were used in joints Jil and J12, otherwise all bolts: 
were 7 in. in diameter. — ‘The bolt holes, i in both steel plates and wood loomgemnd 
in accordance with recommendation of the Forest Products Laboratory, were 


The ‘members that failed in 1 joints and J17 were structurally defective; 
but, aside from these joints, the timber was select structural grade of Douglas 

fir. » At the time of testing : all members had an average m moisture content of f 
from 12% to. 15%. Shrinkage had caused the wood members to. lose their 


once snug fit with the steel gusset plates, but no remedial measures, such as - 
tightening the nuts of bolts passing through the connectors, were attempted. — 
~ Inall joints the holes in the wood members and in the shear plates matched 
those of the steel gusset plates very well. In all the joints removed from the 
Cavalcade stage framing (joints Ji to J10, inclusive, and J13 and J15 to o J17,. 
inclusive), at least one of each pair of gusset plates had been drilled in the 
field. In joints J11, J12, and J14, the members had been bored from both 
sides, but good fi fits had been 
© Testing Procedure.—The ‘manner i in which the joints were ‘installed in the 
testing machine is shown in Fig. 1, and Fig. 51 shows, diagrammatically, the | 
"make-up of joints and method of loading. . Ind detail, the load was applied i in 
each test by an hydraulic jack which was placed at the end of one ae. 
‘usually the chord member and termed member No. 1. A new tension connec- 
tion was built at one end of one diagonal and the third member was blocked up 
to resist the induced compression. n. One exception to this procedure i is: In joint: 
J18, all three members were yes 4 in compression; all connectors were 4-in. 
fush-shear plates; were in. in diameter as noted in in Fig, 51; 
I ~ 
Gages were installed measure deformations of the various members with 
respect to the e steel plates—that is, the slip of f gusset and shear plates with 
respect to the wood members. Other gages were installed to indicate the 
Angular rotation between members. — The purpose of these last measurements . 
ven obtain a basis from which the secondary stresses induced in a member — 


en its connection deformed under load might be estimated. None c of the 7 
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bolts in the joints w ere 2 tightened before ‘testing, » ont the members of all joints 

- were usually quite loose in their enclosing | gusset plates. Because of this 

‘condition, all secondary effects and stresses are believed to be negligible at and 


no attempt has been made to evaluate them. | Loads were applied | in incre: 
- ments of from about 5 kips to 10 kips to approximately the estimated design 
load; they were then released, the recovery was measured, and the loads were 


reapplied until failure had occurred i in some member or r its an The 
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_ 
gages were gener: 


failure the joints were while the results « of the test, with 

= pertinent observations, were noted and photographs taken. ‘Fig. 1 shows — 
typical failure i in the tension diagonal. 

Connected Joint J1 —Fig. 52 shows the detail of this joint. 
It will be noted that the center line of the diagonal i is eccentric by 33 in. _— 

the centroid of the three pairs of shear plates with ie connection to the chord» 
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rings to ‘the inch, summerwood, ont al. 18 of grain. Because of 
previous in testing eccentric joints of trusses which failure 
resulted from the stress of tension across the grain, , blocks were fas fastened by 


Blocking Added to 6!'x 12" for Test. 


Compression 


plit Rings. 


and Six 4" 


Four" Bolts 
Four 4!" Shear Plates 


for 
Eccentricity 
Two Plates 


"Toad 
3" Apart 16.2 Kips 


ee 


Three 


Bending Moment Loads on Two 


DETAIL OF JOINT LOADS AND STRESSES AT FAILURE 


Fie. 52.—EccenTRICALLY ConNECTED Jomnt 


split rings s with bolts to the sides of member N o. 2, bearing against the two 
8-in. sticks of member No. 1. Also, No. 1 was blocked 
<u laterally to prevent any lateral motion that might have been caused by eccen- 
As indicated in Fig. 52, a tension connection was provided at the end of 


2 


usual ‘manner. Loads \ were applied { through the jack at the e pow of the ap 
4.in. by 8-in. sticks of member No. 1 in | increments | of 5 5 kips released, and 
then reapplied until failure occurred. _ Measurements were taken of the widen- 
ing g of the two sticks of member No. 1 due to tension across the g grain. At the 
_ left-hand connector of this member, the maximum widening of the member 
was registered, _ being 0.01 in., whereas, at the right-hand conn connector, the widen- 
ing of the member was only 0.001 in. 
Failure >-occurred through splitting of the ti two pieces of of member No. at a 
total compression in this member of 22 kips and a simultaneous tension in 
oe No. 3 of 33.4 kips. © The following excerpts from the laboratory notes 
At a load a 16 kips in ‘Member #1 a check in one of the two sticks 


of this member was opening and a new crack started, while at 20.8 kips- 
the other stick also gave, failing in bending. ~The —_ stick went nn 
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up to 16 “_ and then n opened up up in aie across the gra grain saahatiien an 

old check that was about 3” deep. This check kept getting larger until 

at 20.8 kips the other stick failed in flexure. The first stick failed by bend- 

iy in the portion that had been split off due to tension across the — 7 : 
_ Both of the sticks also failed by twisting due to the connection of the 


gusset plates to only one side of each member. 


“Tt was noted that the sticks of Member #3 bent due to the connec- 

tions of the gusset plates on their sides. This caused the ends of the _ 
‘members to lift off about }” or more from the gusset plates. Both sticks a : 
showed the twisting, or rotational, action of the pull on the inside of mem- 
bers, causing a twist or rotation at failure of an amount sufficient to lift 


or lower the inside edge of the members about to 


‘assumed to have been resisted equally by the three p pairs of shear plates in the — 
member, or by a . shear of 7.4 kips per pair of connectors. _ Because of the 
eccentricity of co1 connection (which was really doubly eccentric, since 
chord was of two pieces, each connected by one face onty), the total transverse 
shear was not carried equally by the three pairs of connectors. _ Computations | 
indicate that the left-hand pair of connectors, Cl, took a transverse shear of 
16.2 kips; and the center pair of connectors, C2, took a transverse shear of | 
8.4 Kips, whereas: the transverse shear in the right- hand pair of connectors, 
C3, was 0.5 kips. . Consequently, the maximum resultant shear was found in 
connectors Ci, equal to 17.8 kips, and at a ‘slope of 66° with the grain of the 
‘member. — The stress P, ‘on a pair of shear plates, for nondense structural 
grade of Douglas fir, at an angle of 66° to the grain, is 8,250 lb. Therefore, — 


Rea Was 325° ° or "only 2.16, instead of a value ranging from 3.5 to 5 as was” 


found in the concentric joints of the series. This illustrates the loss of efficiency 
occasioned by the eccentric connection. 

2 The test emphasizes the fact that the resistance of a joint of this is is 

lowered by an eccentric connection: First, because of the increased load and d 
increased transverse shear on one or - more connectors (in this case 1.55 —_— "] 
the average) resulting from the eccentricity; and, second, because of the in- 4 
creased intensity of stress in tension perpendicular to the grain. 
At failure in the two. 4-in. by 8-in. pieces ces of member No. bending 

of 4.90 kips per sq in. occurred. J Based on this bending stress, / 

3.04, this value of R having | little meaning because failure was not + caused by 

bending. The twisting, or rotation, of the two sticks has been mentioned in. 

the excerpt from the laboratory’s notes. This twisting, or rotation, was — 


by the steel gusset plates pulling on the sides of the “members rather than on 
through their centers of gr gravity. . This phenomenon may be se seen in ‘Fig. 53 
where the near face of the 4-in. by 8-in. sticks has spread about = & - in. % The 
bending effects caused by plate « connections applied on one side of a ‘member i is 


“ape illustrated in in the same | photograph et at the left, the ends of the 
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_ Concentrically Connected J oints—The details of the e concentrically connected 
Stress’ ratios, are given in Table. 9, 


* test, t, this effort, resulted in a buckling of gusset plates. At a load of 
‘42. 5 kips i in member No. 3, the bolts were bending and the gusset ‘plates: at 
member No. 1 were noticed to be buckling at a load, in the member, of 88.5 Kips. 
Failure ce occurred in member No. 3 3 by shearing and d splitting of the wood ata 


__ Member No. 1, with six shear plates at 10-in. spacing, > Sees without 


Of a in. recommended ol shear plates, although 1 is to be noted that the 
“gusset plate on one side of member No. 1 had moved laterally 0.11 in. with 


respect 1 to the member whereas the relative movement on the other side was 
0.40 in.—an average of 0.26 in. The large difference in the relative movements 
of the two faces is difficult to ‘explain, for there was no evident lateral eccel- 
tricity of the joint. . The oe values based on ultimate loads | taken by 


‘Ultimate load kips 
Proportional limit load...... 


ve 


—At a total axial stress of £ 53.1 53.1 kips i in the tension pee mem- 

ber No. + ‘this member failed by shearing and splitting, a large split occurring — 
= the bolts” and shear plates. Failure went through a deep check. 
Previous to this and at a stress of 46 in this ‘member, a lange 


| end distance i in 


= 
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be ‘tail d 
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jo his joint stress 
— ‘a ring this join 
7 7 f the wood caused the members entering thi: inf to th 
Joint J2.—Shri usset plates a distance of in. to } in.; and, 
Separate from the gusset plat 

| 

3 4 

— 
A 


TIMBER TESTS 643 
Joint J4.— 


Although, in this joint, the tension diagonal, member No. 4 
‘fail led at a total axial stress of 57.1 kips, with typical shearing and splitting, 
new split, about 33 in. deep, had occurred in the end of the member at a 
ress of 2 24. 2 kips. | This split was located in the center of the member, parallel 
o the center line of the shear plate. 
° “Joint J5. —Unlike the most of the other joints this joint failed suddenly. 
M [ember No. 4, the tension diagonal, failed by typical shearing and splitting | 


at a total stress of 87.7 kips. — On dismantling, ‘thef joint, it was s noted that 


Jowrs 


Member No. 3, in compression, showed no distress and that it was well fitted. 7 
At the time that member No. 4 failed, each shear plate in member No. 3 had 


10.2 The end distance was in. and nd 54(<)). 
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The end distance was in. 
o. 4, the tension diagonal that failed, did not ‘fit 


z be about 3 gg member failed, w with typical shearing and ‘splitting, 


91.2 kips. Its end distance w 


, Chord member No. 1 consisted of two 38 in. by 73 in. sticks, each connected 
‘to its gusset plate on one side only, but each stick was fastened with four shear 
plates. _ Although its connections were such as as to induce rotation, there was 
~ no evidence of distress in this member at the maximum load of 44 kips (5.5 kips 
per shear plate), probably due to to the lateral | support given by member No. 3, 
which extended well into member No. 1, ‘between the two sticks, — 4 
Joint —This joint behaved peculiarly during its test, giving much 
evidence of defective construction. — After completion of the test, it was 
peg apart, when it was s found that the three shear plates o on one side of 
member No. 3 had been omitted, although their grooves had been cut in the 
wood. od. This omission caused the shear plates on the other side of the member 
to carry almost the entire load. Fig. -54(0) shows | one of the shear | plate 
= without its shear plate, and Fig. 54(c) shows the bent bolts with their 
evidence of excessive bearing: from the shear plates. Nevertheless, the actual 
capacity of the joint, « as ‘determined by the test, when « compared to the the- 


7 a Joint 30” —This joint g gave visual a and audible warning of failure at a an saad 
(toad in member No. 4 of 82.5 kips, the failure of member No. 4 occurring , at 

87 kips. At this ultimate load, there no visual crack. 

4 laboratory notes record that the failure “ came with a | bang. a _ 
Joint J10. —This joint was defective, in that the compression diagonal, 

t an diagonal member No. 2, had a boxed heart, although when examined before 
testing, the joint was pronounced to be in excellent condition; however, it was 
: observed that member No. 4 had a a large check. | The laboratory notes record: 


“The check in this’ “opened about 4 4” and split: all ¢ the way 
through to the other side, where a new split about 3"’ wide was opened. 
This tension member, Member #4, did not fail, there being no indication 
of any timber distress. No cracks on the top, bottom, or end of the member 
were visible, but the stick had moved about 3” from the steel gusset plates 
and, after disassembling, it was seen that the bolts were badly bent. Cores 
and wood between the shear plates had sheared, although not in the end 
distance area. Member #2 was as expected; the cores and the wood 
a between shear plates had sheared. (This member had withstood 77.7 kips, 
or 19.4 kips per connector.) Bearing marks of the shear plates were in 
evidence on all bolts but the shear plates were not damaged (see Fig. 61 


In this joint, the 6-i -in. by in. member whieh was: in ‘tension, resisted 


at 6 in. n., with an 1 end distance of 9 in. n. Thus, ‘each h shear plate resisted a load 
e 28 kips, equal to six and one half times its allowable load. a 
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M ‘1947 TESTS 
_ This member was a single stick, with its connection in double, instead of 
single, shear; and, although the spacing of connectors was only 6 in., the end 
distance was 9 in—the two important factors leading to the high strength. - 
The test of this joint has led to the suggestions, given subsequently under 


tting the heading, “Comments « on Tests of Joints with Steel Gusset Plates,” that: 
(1) Perhaps the reduced values of allow able connector loads for 6-in. ae 


ected J are not justified; and (2) the allowable loads for connectors: in single shear 
shear | should be less than one half of the allowable loads when the connectors are in 
D kips “J Joint J 11.- —This joint, taken from the south Cavalcade cantilever truss. 
(which had failed under preliminary test due to ‘poor workmanship) was 
sw | defective. - Upon dismantling it it was found that one shear plate | had a Hin. 
much “hole for a 2-in. bolt and that both shear and zusset plates bore on the threads. 
was of the bolts. Fig. 54(e) shows failed member No. 3 after disassembly. 
de of i Joint J12.— Fig. ‘51 illustrates that joint J12 had j-in. instead of yy-in. © 
n the § ~ gusset plates. The joint was obtained from the north Cavalcade cantilever 
maber _ truss (not the truss that had failed) i in which it formed the top detail on the 
plate “rear end of the anchor arm of the cantilever. To all appearances the joint was 
in excellent condition, having no important checks or cracks and 
but small shrinkage—probably the maximum shrinkage was in. 
Ata total axial stress of 63.1 kips, s, member No. 3 failed in its connection. __ 
“The bolts, which were 2 in. in diameter, sheared off at the nuts, at the root of 


_ Joint J 13.—In this joint all members were tested in. compression. — The 
joint was in excellent condition with the bolts giving evidence of about hin. 


igned nl at th 
— Fi ‘the thread, and were indented at the ends near the head. The member did 7 
aid — not split; neither were there any checks or cracks in the wood of the member. — { 
ng at r The wood did not shear. _ After dismantling the joint, it it was found that the _ a ‘ 
The - gusset a and shear ar plates bore on the bolt threads, that a number of shear plates 
a i with 3-in. holes had been used with 3-in. bolts, and that these bolts had been - 
onal, obentabout 


shrinkage of the wood. The test. continued over two days. On the first day, 
the load on member No. 1 reached a maximum of 15.8 kips. Then, because of 
mechanical difficulties, the test was stopped. © The load | automatically dropped ‘ 
to 10.0 kips, and the joint with this load was allowed to stand overnight. ; On 
‘the following day, the load was reapplied, reaching a maximum of 59.2 kips in 
- Member No. 1 and 112.1 kips i in member No. 3. At a load of 80.4 kips in 


_ member No. 2, this member was splitting and (see Fig. 51) the gap between 


end the end of member No. 3 and the side of member No. 1 had closed. — “With 
vood further i increase in load, member No. 2 continued to split. The gusset plates 
oy Were seen to be bowing slightly at the maximum load on the joint (126.4 kips 
61 member No. 2). The shear plates i this member | had sheared the wood, 
aaat'y = and its bolts were badly bent. ‘Because of the bearing of the ends of member 


No. 2 and member No. 3 ogee the sides of member No. 1, no direct failure 
had occurred—that i is, the load did ‘not diminish, although it could not be 


f 


aced increased (see Table9). 
load ¥ maui J 14.—As i in joint J12, the gusset plates were 3 in. ste 


e joint was s seemingly i in excellent condition, the bolts indicating a a shrinkage — 7 
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. to in tA 

“Arch from which ime joint was obtained had hen wrecked by falling, the the joint : 
gave no visible evidence of having been damaged. 
a4 _ As the load was applied, deformations of the tension diagonal member No. 2 ; i 
‘seemed to to be quite | large; and, at an axial stress of of 29.75 kips in member No. 2, 4 
the shear plates i in th 1 this member appeared to have moved about 0.20 i in. orn - 
tress of the joint was audible. . Ata. a stress of 47.8 kips i in member No. 2 , the :" 
‘split in the member became W ider, b but the failure of the joint occurre ‘a in an 


_ ‘member No. 3 at a 2 stress of 45.2 kips, by ‘splitting and | shearing of the wood 12 


On disassembling the joint it was found that the wood cores of the shear -joir 
7 plates had been broken and sheared off, stains indicating that this damage had aii 


occurred prior to the test. Further evidence of prior « damage was the fact that | ‘fail 
a the wood between the dune plates on one side of the connection of member § gps 
7 No. 3 and part of the wood between the Shear plates was missing. — The other § 6-1: 
> | ‘part , was loose and its edges stained, as if the joint had end after the 


wood had sheared off. ees «glo 
-— Joint JI J15. —The joint was in good condition except | for a check i in one stick the 


“of member No. 2 and a small check in one stick of member No. 3. Failure 


= 


occurred in the tensional diagonal (member No. 3) at an axial stress of 52.5 kips wi 
by typical shearing of the wood in the end distance and d between th the shear ha 
: plates, ¢ combined with the usual splitting. — This “member was not of solid cr 


section, but was composed of two o sticks, each connected by one side only; : 
Thence, Ree = 
Joint J16.—The joint was in excellent condition except for a check in one 
of ‘the sticks of tension diagonal member No. 4, the check extending from the 
last shear r plate to the end of the timber. The joint was ‘opened $i in. before 
testing. - Failure occurred | suddenly in member No. 4 by the usual shearing , ti 
and splitting. ¥ As in joint J15, note the lower strength of the two stick member, a: 


‘ia art Joint J17.— —Before testing, the joint appeared | to be in excellent condition, oi 

; . — of the wood being small. Failure occurred in member } No. 4 ata a 

' _ stress of 33.1 .1 kips, one of the two a of member Nc No. 4 failing i in combined 43 

bending and tension (see Fig BA(f)). This member w was found to have 
j rr, __-1/12 slope of grain, and a knot at the e point where the split at failure inter- | 


at the edge of the stick. ‘The gusset plate bent badly as as the member 
could not take the bending moment induced by its eccentric connection. 4 
Comments on Tests of Joints with Steel Gusset Plates. —The foregoing results 


| to ten broad conclusions, as follows: 
The necessity of careful and continuous inspection during 


if material, _ workmanship, and resultant ‘strength commensurate with the 
ane design s are to be expected, is particularly illustrated by the tests of these joints. 
For example, joints J8 and J14, before testing, gave the appearance of being 
. entirely | normal. » we Indeed, an extract from the laboratory notes of the test tof | 
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oan “The test of f this joint was to have been one of the most important 
of the Test-Program because of the very excellent condition of the joint 
and its careful handling prior to the test. However, during the test the 
- behavior of the joint was so peculiar that it was suspected of being deficient _ 
internally, and after the test it was taken apart. Then only was it found 
that the joint had but one-half of its indicated number of shear-plates, 


those oe side having been completely omitted. OU 


Joint J14 was also found to have hem demnapli in fabrication; joint J10 had 
_a member with boxed heart with resultant checking; i in joints J10, J11, and _ 
—J12, ‘short bolts had been . used, causing - gusset and shear plates to bear on the . 
> “bolt threads; and joint J J12 actually failed by shearing 0 of the bolts. Also, in 
_ joints Jl1 and J12 shear plates were used with the wrong size of bolts. 7 : 
oe _ (2) Even with the defects described in item (1), joints J8 and J14 did not 
Ene ail until | they had sustained twice the allowable connector loads P, for 9- in, 


er 


spacings and end distances and two and one-half times the allowable loads for 


6-in. spacings and end distances. 


aCe (3) Effects that can occur due to the presence of ee knots, or 
sloping grain are illustrated by joints J10 and J17, in which one or more of 
these characteristics influenced or contributed to failure. 
(4) Ins a two- -piece member each piece | is connected on one face only, or 
with the connectors of each piece in single shear, whereas a one-piece —_ 


connectors in both faces—that is, double- Shear connection. The de- 
reased capacity of the connection ofa two-piece ‘member is illustrated by : e 
~ comparison. of the average maximum loads at failure of joints J15 and J16_ 
(13.20 kips per shear plate) with the average of joints ‘J2, J5, J6, J7, and Jo 
(21.6 kips per shear plate). _ These joints all had end distances well in excess 


“of 6 in. The Telative efliciency of the one-piece member with double-shear 


| as compared with the two- -piece member with single-shear con connec- 
a 


tion raised the question as to whether joints in single shear may properly be 7 


_ considered as having one half of the strength of joints in double shear. — hole 
Sar (5) The use of a tin. bolt with a 4-in. shear plate, having 4 a 8 in. hole 


“oversight on the of the Some method of condi- 

tion should be developed. 

(6) In these tests no j-in. bolt used with a 4- in. shear plate failed i in shear. : 
The increased capacity of o one- -piece tension members in double | 


with end distances of 8 in. or 9 in. over one- piece tension members similarly 
connected but with end distances of only 6 i less, in the 1 ratio of from 
to 1. O—an i increase in capacity of 40%. vas 
(8) ‘The slip of shear ‘plates at the allowable or working | load was: 


from about 0.05 in. to 0.06 in., confirming published values. wien 


— (9) In view of the comment in items (4) and (7), it will be enlightening to 
group eight of tl the joints, J3, U4, J5, J6, J7, J9, J15, and J16 (all having 6-in. 
- eenter-to-center | spacings of connectors, but with varying end distances) into 

- three divisions governed by end distance a and type of shear and then to note 
“the average ratio value of Rea of each group. Such a grouping i is given i in 


as 


Table 10. The joints with connections in single shear, even 
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greater end distances 3) had the of R. 


If the nine tests s reported i in Table 10 are judged sufficient in number to 1 warrant 


) 10.—Errecr or Enp Distance __ pear that, in 1 this type of joint— 


AND. Type OF SHEAR 
Tere or a. ‘Shear plates at connec- 


End distance | Average tions in single shear seem to be 
considerably less effective than 
WB and 316 | 2:92 such connections in double 
J3 and J4 4.5 to5.5 | 3.50 
members (3 in.). 
may be due to stress 
caused by eccentricity, -shrink- 
age, or other factors. In some 
cases, the allowable load on a connector in a double-shear connection ‘should 
be materially greater than that o nac connector ina single-shear ¢ connection. — 
The reduction in allowable loads for connectors with a spacing of 6 
center to center, but with a 9-in. end distance, is too severe. 
tae ete he 7-in. end distance for full allowable load for connectors now recom-— 
mended as standard, as s against the former recommended standard of 6 in. is 
amply justified. Further increase of of end-distance requirements might result 
n even higher allowable loads. 


(10) A comparison of the ratios obtained from the joint tests which failed 
. in the shear plates, joints J2 to J9, J12, J15, and J16, is afforded by the data in 
‘Table ‘11(a). _ Joints J J 15 and and J16 were those in single shear which failed at 
~ lower ratios than the others. Without these two joints the comparison w would 
= as shown ‘in Table 110). The joints were fabricated from unseasoned 
material and tested after seasoning in service. _ For this condition the recom- 


AND From Tzsts 


Manual, TECOs.....) 3.5 2910508 443 
Basic values, FPL?.. 40 | t0 5.80 5.09 
Zz “Timber Connector Manual of the Timber Eng. Co., Inc., Washington, 1999. 


‘Forest F Produote Laboratory, Madison, — 


cr 


higher those shown in Table 11. 
: _ However, it should be noted that in these tests the loa 


‘to under which condition the effect of with g timber and 


1), had low values of R. The joints 2), showed 
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testing after seasoning: in place is much less severe than when lo ads are — _ 


Joints with Gusset Plates, Bolted or Split-Ring Connections. —Joints 


«S18 to” J22, inclusive, consisted of one bolted joint connected with a plywood 
g 


“gusset plate and four other joints i in which a member was s spliced with plywood 
splice plates fastened with split rings, 
The first joint (J18) was removed from. the San Francisco o Building w here it 7 


had served as part of the lateral | bracing s system of the lower chord of “- roof 
trusses. a The details of the joint before testing are shown in Fig. 55. 


BuILDINe 
VETAILS O 


joint consisted of a 23-in.-thick seventeen-ply fir plywood gusset plate 
_ to which were connected two diagonal members, each a 2-in. by 8-in. stick, with 
-f + in. bolts in single shear. (This plywood was of “exterior” type, made with 
- phenol formaldehyde r resin adhesive.) The » other members of the joint (not 
- concerned in the test) were parts of a 4-in. by 10-in. strut and the lower chords 
f of one of of the original trusses, consisting of 2-in. by 8: 8- -in. and 3-in. by 12-1 in. 
br also connected with 3-in. bolts. : The joint was in excellent condition 
and was tested at a moisture content, in the 2 2-in. by 8-in. diagonal, of about 
th The other distin J19, J20, J21, and J22, were e constructed in the labora- 
tory, of materials from the Exposition Their details are shown in 
Fig. 56. Each joint consisted of a center 6-i in. by 8-in. block with two splice 
of twenty-1 nine- plywood in. thick and 8 in. wide, connected 
the 6- -in. by 8-in. block with eight 4-in. split t rings and f four 2 -in. bolts and i with 
n. spacing and a 7-in. | end distance (see Fig. 56). The grain of the face . ; 


‘an parallel t to 0 the direction of the load in two > of the tests, J19 and 520, 
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Bolted Joint (J18) with Plywood Gusset Plates.—Joint J18 failed in aie 

ain, by 8-in. tension on member by shearing out the end, the end distance being 
a: in. |. The washers were pulled int into the face of the plywood causing some 


splitting of the top plies 


Block, 


and creating a corrugated 
Meanwhile, the 
{ | P bolts h: had been bent into an 

S-shaped form. 
a The total the 
244 diagonal at failure was as 42 | 

 kips. The ¢ connection of 
the diagonal, in which four 

#-in. -round bolts in 

single shear, a com- 

puted total safe load, based, 

on the 2-in. by 8-in. stick, 
of 4.7 kips, or 1.16 kips per 

bolt. On the plywood at 
‘an assumed value of 45° to 
the grain of the / wood, the 
four bolts have a value of 

3. 11 kips, or 780 Ib per 

bolt. These values yield 

Fie. 56. Jomrs J19 TO J22, of 8.95 and 13. 
respectively ; but it is to be, 
noticed 1 that the slip of bolts at the ultimate load was 0.35 in. The deforma- 
tion at a working load of 4.7 kips on the four bolts was 0.05 in. le 

_ The proportional limit of the bolts is estimated to have been about 8.0 kips, 
_ giving a ratio of ‘proportional limit load to allowable, or working load, Rs: of 


7, , based 0 on the bolt value of the 2-1 -in. by 8-in 1. member. The 


Grain of Face Ply 
Vertical on -— 
. "yx Members 


oe 


Horizontal on — 
x 2!! Members 


7 
4 


i= 


3 "x8" Plywood 
(29 Ply) 


2-in. by 8-in. stick— 


Rea = 13.5 
‘Slip of the bolts—_ 
At allowable load Py = 0.05 i in. 


“At proportional limit 


: Compression or Tension Splice J oints with Plywood Splice Plates and Split 
- Rings—Joints J19 to J22, inclusive, with plyw ood splice plates failed in two. 


types of failure, as s illustrated i in Figs. (57. shows tl the crushing: 


loads—the fi first The other type of is shown in Fi ig. 57(b) in which» 
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we FE the fibers of the plies running perpendicular t to the direction of the load are 
tins seen to have sheared and “rolled’’*in the plywood, | causing a shear failure at 
slies base of the split rings. 
7 _ After dismantling the four joints, it was found | that all the | ring cores in 
ited the plywood had failed and that the cores in the e rings of the 6-in. by 8-in. 
the center block remained intact. In the ring cores, about 25% of the core area 


= “failed in the glue; the remainder failed in the wood. ‘The failures always 
_- - occurred ata ply located at approximately the bottom of the ring and ina ply 


& whose: grain was perpendicular to direction o of the load. _ The « cores ‘evidently 

42 failed by ‘rolling shear” action. (The term ‘ rolling shone” hee been applied 

in 

ised 

ick, | 

per 
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Fia. 57. —Two TyPEs oF FAMURE Joints witH Piywoop Spiice PLaTss— 


Crushing of Plywood 
® Rolling Shear Failure in Lower Plywood Pad 


when { the shearing | force tends to 0 deform the hollow wood e cells s diagonally i in a 
direction perpendicular to their fibers. ) 
- The results of these four tests are summarized i in Table 12, which shows ~ 

maximum loads, m manner of failure, and other pertinent data. The 1e working 
values | of split 1 rings in plywood have been taken as the TECO allowable loads 7 


for group A ‘woods with direction of load at 60° to the grain. The sagen 


the rolling | shear value at 60 per sq in. of these dame 
being those recommended by the Douglas Fir Plywood . Association based on 


tests by the Forest Products Laboratory. 
- Results of Tests.—The ratio . Rea of 8. 95, as found in the test of joint J 18, 

is characteristic of bolts; also a value of Rs: of 1.7, based on the 2-in. by 8-in. a 
“member, seems ‘proper. ‘The tests indicate that the joint had been propor- 

tioned correctly. 7 The teste 3 also indicate that an increase in the edge e distances. - 
in plywood would reduce any effects of rolling shear at a critical plane, and 
that the plies running parallel to the loads are the effective ones in resistance 
to compression. ‘tf follows that the shearing and crushing strength of the 


= needs particular a attention in the design of joints of this type. 7 - Additional 
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WITH Piywoop AND 


4 4 -In. Spurr Ring Connectors 


Deforma- Residual Testing 
| | ra | 
oad (in.) } Geipe) | (min) 


rings® (compression®) 


40.96 45.6 0.045 61 98.89 35 


4 
41.5 84 83.08 
4096) 4290 | 41.5 041 | 


* Applied parallel to the grain of the face plies. _ b Applied perpendicular to the grain of the face glen, 
= ae on group A wood; 60° to the grain. 4 Allowable or working loads of the joint based on plywood in © 
compression at 1,735 lb persqin. * Based on an allowable rolling shear of 60 lb per sqin. / After failure | 
the joint was still capable of supporting the loads shown. ¢ Failure was by buckling and crushing of the 

_ splice plate, as shown in Fig. 57(a). 4 Failure was by buckling and crushing of one splice plate and by 
rolling shear on the other. *29 min oneday and6minthe nextday, 


with plywood, ‘such as infor mation on plywood splice plates and gusset plates, 


would be helpful in design, especially when large loads are involved. al 


“¢ 


= 


The average deformation of joints J19 to J22, at their maximum loads a at 
which deformations were measured, ws was about 0.24 i in. ™ » corresponding toa a load 
per split ring of 5 kips. 
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Joints ‘with Split-Ring Connections.—This series of tests comprised 
joints, J23 to J28, inclusive, in which the members were connected by 4- in. 
split rings and bolts. Two of the joints, J23 and J24, were from an 80- “ft roof « 


‘of the Pacific Building. other four, J25 to 328, inclusive, ¥ were 


or tension splices | from the stage fr the ‘Cavalcade of America. 


side 
— 4 4«4C} 
¥ a 
— J21....| 142.36 | 
— 
Hole- Bolts Added for Test eg 25" 115" fj 
— 


5 


Joints | and ‘J24. the truss joints, J23 , was taken from an 


interior ne of the truss, and the other, J24, formed the end joint of the same _ 
truss at its supporting column. Fig. 58 shows the details of these two joints. x 
Diagonal | member No. o. 3, Fig. 58(a), connects to chord member No. 1 by three co 


pairs of split rings, and vertical member No. 2 was s intended to bear on the top 


side of member No. 1 1 earn 


— 


The excerpt from the is pertinent: 
“Joint J-23 was , obtained from: the Pacific Building where it was an 
interior joint of one of the 80’ span roof trusses. It was only in fair con- a; 
dition for the two sticks of the chord, Member #1, were badly split. Also, 
_ Member #3 had a large check. The truss had been dropped i in wrecking 
the building but the joint had suffered no visible damage. Because of 
splitting of the chord member, stitch bolts were placed as shown in Fig. 73 


‘Fra. 59. —Farure or Joust 


e second of these truss joints, joint J24, was in a somewhat 
‘iaae condition prior to the test, the results apparently were not affected. 
The members of both joints J23 and J24 were of select structural grade naa ll 
fir, and the two joints were tested at a Inoisture ¢! content of about 15%. No. 
shrinkage was noted that would cause looseness of the e bolts; but, in joint 


if 423, there was a space of + in. between vertical member No. 2 and chord — 4 


Joint J ‘J23 failed by splitting of diagonal member No. 3, at a total stress of i, 


44.3 kips, or only 7 4 kips per ring, corresponding to one and one-half times mr. 7 


the ; allowable load. The existing large check had opened into the wide crack. 7 
After disassembling the joint, it was noticed that all the ring cores had been 

= off before testing, except one core in member No. 1 and one core in 

2 member No. 3. ‘ These two particular - cores were not even sheared at the com- 

y's 


pletion of the test. ~The not bent. The wood i in contact with the 
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‘TESTS 

In the test of. joint (pce Fig. 58(6)), failure did not take place in in 
original joint but in the tension connection installed for testing purposes at 
one end of diagonal member No. 3. When the connection had failed, several 
difficulties prevented its reconstruction, so the test was discontinued. Fig. 

4 shows the member after disassembly, and the shearing « out of shear p plates i in the | 
tension” connection may be noted. d. There were several small knots in this 
particular location. Attention is called | 
oe to the grooves and cores of the split | 
rings which remained i in good condition, 
although the connectors had been loaded 

to three times their allowable loads. 

‘The maximum load on the member was J 
Joints J2: J25 to Inclusive.— Each 
splice joint consisted of a 6-in. by 74-in, 
center timber, spliced with two 34-in. by 
‘7}-in. splice pads, and it had a single row 


four pairs of 4-in. split rings ¥ with 


' 


- 
Load on 


= 


bolts—a total of eight split. rings (see Fig. 
Fi . 60.—T Dr Jomrs J25 
60). joints were in excellent 
tion. Shrinkage of the wood had re- 
‘sulted in a gap between the center stick and each splice ‘pad of a measured 
amount of from 7 in. to in —an average of in. convenience 
. of testing, in which the joints were placed in compression, a fin. to Fin 


gap was ‘provided at the center of the length of splice pads. The move-_ 


ment of of splice members was measured. Because of the limitation of slip of 
joints | as determined by the 3- -in. to j-in. between the splice pads, the 
maximum resistance of the split rings was not realized. Table 13 and T Table 


< - gummarize e the results, and Fig. 61 shows the stress deformation curves s of the 


TABLE 13 .—Truss — 


= 
Joint Location load 


Intermediate Truss Joint: Truss Joint: 
Tension member 
(End Reaction Truss Joint: 
| Tension connection 


Soint 


In tension member. Six split rings. Slip of split longitudinally in member No. 3 at the 


= allowableload P. ¢ Notevident. © a In tension member, erved proportional limit was at a tension 


42. 3 giving an -Rer-value of 46. This tension member did not fail in the joint, failure 
occurring in the tension connection provided for testing. 


Results of Tests Reference to the stress deformation curves of Fig. 61, 


all plotted to the same seales, : and also to Table 14 14, indicates the erratic test 
behavior of these joints. — The slopes of the first sections of the stress-deforma- 
ti tion curves S25, J26, and are very flat as — with ¢ the 
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TIMBER TESTS 


Deformation Inches 


DEFORMATION CuRVE, Joints J25 To J28, (SpLicE wiTH Four, 
4-In. Sprit Rivas anp Two }-In. Bouts on 


"similar part of inaieii, of joint J28, indicating that a relatively large initia 
_ deformation took place in in joints J25, J26, and d J27. pact to a load of 10 ) kips” F 


TO 28) win Spur 


Maximum Loaps on -Propor- 


= Allowable Rates | Opening 


| | | 


-* The joints did not fail completely, but the test was stopped when » the open opening between the sp spliced ; 

_ members was closed. For the maximum load per split ring there was a slip of in. * Values of the pro- 7 
portional limit load are very uncertain because of the large increments of test load. The ratio Rea is equal 4 a, ri 
to the proportional limit load (22.0 kips) divided by Pe, or 1.09. ¢ The basic allowable load on four 4-in. 
split rings is 22.0 kips; but this value was first increased 12% to 24.6 kips because of the j-in. bolts, and then 
decreased to 20.2 kips (or 5.05 kips _ split ring) because of the spacing of 6 in., center to center. ¢ De- . 

seg bo inches, at a _ of 20.2 ips : Total i of the two spaces between the splice pads and 

t block, caused by shrinkage. ot measure 


n the 
Fin. | 0025 0050 
ove- 
ipo Fria. 61. 
the 
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Joint | spliced 
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62. Jomnt, Type I (J29, J30, J31) (Bours In.; 
X 3; anp ANGLES, 4X 4) 


om a slip of 0.06 in. at the allowable load of its sie as 20. 2 kips, : 
is the only one of the four our joints that e: exhibited normal behavior. — . ‘These joints — 
were taken apart after testing, and no defective workmanship was evident, 80 


oe) that the lack of f consistency i in their behavior cannot be e explained. 1 
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TESTS 

' bolted joints J29 to J34 consisted of ‘six 

wie of Gin. ‘by 16: in. and 8-in. by 16-in. wooden beams which had been — 

part « of the framing supporting a canvas roof over the seats of the —— 


All splices had been calculated to resist moment as well as shear, and the 


103) 103" 11)" 


Jac 


x 


5! Qu 


nr. 
To Main Member: Dial Mouted to Pads 


Fe 
“Bearing Only on Center Member 
Clearance on Pads)” 


Section at Gages A & 
Gage C Mounted Opposite. 


load, 


aes a 50% increase | in a the usual anton stresses, ‘Some. of the beams had been 
Continuous, w ith spans of 40 ft a 


iim 

ers 

| 
= Jornt, II (J32, J33, anp J34) Bours, IN. : 


to 331, inclusive) 

‘le splice ae on the wer of tr tp compression f faces of the beams, the beam 
being cut in two, to allow its supporting girder to p pass through | within its 
4 depth.” "It had steel angle clips bolted to its sides and to its supporting —_ 


their ato on the sides 0 of be beams, the pads to act i in bend- 
ing and shear, with the bolt gr groups on each end of the pads furnishing resisting 
—._ In both types the bolts were 3 in. in diameter with (8-in. by 3-in, 
_ by ¥-in. plate v washers under the heads and nuts. These bolts were generally 
found to have a tight fit in their holes in the wood, but the “play” a 
— and nuts indicated a shrinkage of tt of the wood of fi from # i ‘in. to 


B Pads are on 


Kips 


Load, in 


~ A Pads on ‘on Top. ont 
Bottom of Joint J 29 


Deformation, in Inche 
Fic. 64.—CENTER DEFLECTION or Moment JOINTS” 


‘The joints had been carefully removed | from the s structure and were found 
o be e in excellent condition; workmanship and materials | appeared to be 

en _ poet good, although some checking had taken place in the 16-in.-wide 


- splice pads. _ The joints were te: tested at a moisture content of from 15% t oO to 25%. 


Testing Procedure.—After installing the joints in the testing truss, loads: 
3 and reactions were applied as indicated diagrammatically in Fig. 63. 7 In five a 
4 of the joints, one concentrated load was applied directly over the , splice, and 7 
in the sixth a two equal loads were applied about 3 ft 7, near the center 
Deflections under the loads were measured on all states but, since these — 
‘Measurements were taken on one ‘side of the beams only, some erratic r — 7 


> 
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> 
— 
me 
= 
spli 
it 
wel 
with, their connecting bolts in single shear. Fig. 62 shows the 
| 
— 
04 8 20 422 24 
| | 
4 
‘ 


Loads were with an jack | and ‘through, to 
on splice points. . W hen loads that produced bending n moments of about 20 ft- oe 
- br for type I joints and 30 ft-kips for type II joints had been applied, the loads 
age were released, and deflections and deformations were ‘measured. Joints were 

, had 
bend- 
isting 

3-in. 
rally 
r the 


= sults of Tests.—Failure in joints of type I occurred in the tension pads, a 


caused by direct tension and secondary | bending stresses. Fig. 65 shows a 


yn bend in ‘the pads which created large secondary bending stresses. No . 


attempt was made to calculate these secondary stresses. 7 : 


TABLE 15.—Srress Ratios, Tests or Top anp Borrom SPLICE Paps, 
Moment Jornts, Type I, J29 70 J31 


eximum Maximum ‘Ultimate Rati Stress i in | Estimated 
moment shear Rue 10; | tension pad?} load Pi: 
(kips) (ft-kips) | (lb per bolt) (Ib per sq in.)| (Ib per bolt) 
208 (1053 7471 | | 3515 
Z -* Computed stress in the tension pad neglecting bending effects. b Was at least 3,862 lb per bolt. a 
TABLE 16.—Derrormations oF Top Borrom SPLICE 


(For Loads and Stress Ratios, see Table 15) 


OLT DEFORMATIONS, IN NcHES, UNDER THE 

Fouowme Loans PE PER ‘Bour: Jour DEFLEctions 


984 Ib | 1,180 Ib | 3,862 Ib | 4,000 Ib | 5,894 Ib 904 Mh poe | a 


#28......| 0.057 | °0.070 | 0.1670 | | 052 221 14. 
0.182 | 0.185 | 0.2563 0.420 | 30.5 586 
0.060 | 0.164 0.895 | 298 | 3.54 


At the point of application of the load. These values are to be accepted as relative only, since 
were taken only on one side of the splice. Beam section, 6 in. by 16 in.; one 
each top and bottom, 3 in. by 10 in. by 9 ft;.and twenty-two #-in. bolts. 
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‘TIMBER TESTS 


TABLE 17.—LoaDs AND DeEForMATIONS, SIDE SPLICE Paps, 
Moment Jot Jornts, Il, 32 TO 


7 


Stress _ Unrmare Loap 
mum |! mo- f Bearing» if Bearing (Lz pur Sq In.) | “ections’ 
| | | Splice | Grain | Grain 


ber pads 


ory) (Lb) | Reo | (Lb) | Reo (Kips) ad 


4 


6 | | | ao | an | az 


27.9 | 101.1 | 4,900 | 5,880 | 13,000} 5.54 | 5,800 4 1,020 330 27.9 | 1.249 

32.8 | 115.3 | 4,460 | 6,010 | 17,300] 7.3_ 9,000 5.92 1,040 a mos . 27.7 | 1.146 

33.4 | 96.9 | 4,850 | 5,280 | 12,600] 5.36 | 4,370 | 2.88 — 443 415 26.8 | 1.772 


Computed shear at the first : appearance of To only, because 
measurements were taken on only one side of the splice. 


In joints of type II, failure occurred first in horizontal shear at the pads, 
a8 evidenced by offsets at the ends. + Usually this first: shear failure followed 
existing checks, but new cracks were also opened connecting to the existing 


- checks—in a manner quite > typical of horizontal s shear in beams. . In a few 


TABLE 18. —Dimensions IN in entirely new and unchecked ma- 
Momenr Joints, II (J32 terial. ‘After splice pads were 
Sie Splice PLaTes split into two or more pieces by 

Table 17) shearing, each pa ‘part. then broke in 
bending, or by subsequent splitting. 
‘he results of the tests are 
‘marized in Tables’ 15, 16, 17, and 18, 
from which it may | be observed that 


| 


40 
cist the joints s with side pads (type II) 
Siete} are nearly two and one- -half times 


__ stiffer t than in those of type I I w ith top 


Length 14 fits and bottom pads. 66 shows °° 
typical al bolt deformation in the | 
joints with top and bottom pads Bag 
(type I I). _ Comparing the results of Tables 15 and 16 with the bolt slips of be 
‘Fig. 66, it is noted that t considerable deflection of the beam took place with  ° 

only small bolt slips: because of the large ratio of span length to depth of 
- beam—that is, a beam deflection of 0.4 in. corresponds to a bolt slip of 0.075in. HR % 
In of Il the determination of amount and direction of shear | ne 

2M. 

ide 

wood parallel and to the may be c conceived that the M 
total moment in the splices is resisted by a combination of two types of bolt of 
oo the one type, assuming that the bolts act parallel to the grain of a 
¢ 


the wood only in resistance to the bending moment, each’ bolt would a aet in 
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‘double shear and the wei could probably be split along the center line of the 
beam with no loss in strength or rigidity. — : This type of action would produce — 
tension and compression i in ‘he pada, but no horizontal shear. — — Col. 6, Table 17, 
shows the bolt sateen ee om action. In the second type of bolt action, 


D +. 


0.06 008 010 O12 014 O16 
Deformation, in Inches 


Fie. 66.—Typican Bour DEFORMATION Curve, Joints or wits Tor anv Borrom Paps” 


the bolts are assumed to bear perpendicular to the grain of the wood only; an ae 

; hence, their pressures would induce large shearing as well as bending stresses in > 
‘jn the pads. _ Bolt stresses for this s type of action are shown i in Col. 8, Table VW, 4 
the calculated horizontal shear is indicated in Col. 10. 
tas The total resistance of such a splice must result from a combination of the 7 


tanec ust fro 
two types. of action. The distribution between the two types of bolt action 
s by § will depend on the dimension of the. joint and the relative elastic properties of 
wee the bolts and the wood in the two directions, and is highly indeterminate. 
ting. ‘Even if! only a a small | proportion a of thy the total tal bending moment i is resisted by bolt 


action perpendicular to the grain of ‘the wood , high shearing stresses must 
d 18, _ occur in the pads—as was evidenced in the tests of the joints of type II by a 4 


that [B the fact: that all the first failures were caused by horizontal shear. Further © 
that 


e tests and study are needed on splices. of this type ifa definite a1 rational 
times Method of designisto bedetermined. 
h top  _ The strength ratios obtained in these tests were adequate—even large. 
hows | Both types. of joints supported approximately the same ultimate loads, but the 
the joints: with the side pads were much stiffer. In all these tests, failure occurred 


pads in the splice pads, and not in the bolts. - Probably. the : same loads could have 

ps of | been supported by using fewer bolts. — he type II joints, it is probable that _ 

w vith even larger loads could have been obtained by increasing the thickness of the 

th 2 bond thus reducing the horizontal unit shearing s stresses. In type I joints, 


75 in. ‘secondary y bending stresses, usually neglected in design, were the p primary causes 
var in 


| 


ms in ie ‘Butt-Block End Joints 3 of Trusses.—Two butt-block end, or heel , joints of 2 
f the identical design (J35 and J36), removed from the 80-ft span roof trusses of the 
t the Mission ‘Trails Building, were tested to failure. They formed the | connection 


bolt the lower chords of the e trusses to the columns. 
in of 


et in 


4 

4 

1.146 | 1 | 

— 

=i 

— 
_ chord with six 4-in. split rings. ‘The members were of select structural Douglas ge (iii 


- fir, and the joints were tested at a moisture content of 17%. A detail of one 
a of the joints is shown in Fig. 67. Unfortunately for the test results, the butt 
_ “blocks were of boxed-heart material; and, although aluminum paint hb had been 
applied to their ends, considerable checking had occurred. 
Joint J35.—In the test of joint J35, when the end diagonal, ‘member Ni No. 1, 
carried a total of stress of 95 kips, the member was forced about in. into the 


beveled face of the butt block; and, when its. stress had reached 111. 5 kips, the 


200- Ton Jack ~ 
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x 10" 
End Diagonal 
Added for ret 
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riginal 

Member No 2. 


Bolts 
Six qu Split Rings} 


\ 5" 


Member No. 3 


10" x 15" 


“all 
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indentation had to in. The block itself sheared and split: along 
check planes that followed the rays: of the boxed heart heart. The ma: maximum ei 


oft the split rings was 0.05 in. ean an 


Joint J36. —In the test of joint J36, to prevent failure by crushing 
beveled face of ‘the butt block, a a steel plate was installed at the end of diagonal th 
"member No. 1 . During the test this steel plate w was pressed into the block 
- about } in., and the block was sheared on a horizontal plane about halfway up 

beveled cut. In spite of these failures, the loads did not decrease a appre: 
Jt s ciably, and the maximum load was recorded after the shearing occurred. This § 

‘ condition was undoubtedly caused by the action of the steel plate in in reducing th 

the shear on the plane ¢ of failure. 

When the maximum load on the joint had been reached, it was noted that a 

reaction bearing of the le supporting post (member N No. 3), which had replaced 

the original column for testing purposes, had been pushed into the lower chord | 4 

member from about 1} in. to 1} in. . . & this time no further increase in | load 


could be obtained, but the joint continued to hold the full load about 


hour, ‘at which time the test was s discontinued. 
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TABLE 19.—Burt-Biock HEEL Jomts 


—_. or Working Loads and Stresses: 
Longitudinal shear, in pounds per ‘square 
_ Bearing stress at 45° with the grain, in pounds per square inch. 
Bearing stress at 70° with the grain, in pounds per ‘square inch 
One split ring, in pounds per split ring ‘ 


Maximum Loap Bus Basep ON 
Beveled Face of Coz) 
Block (45°Cut) | 
Unit shear inte | | 705 
split | ~ of Total | Stress Total Stress | block 
iis) | per load | (Ib per (Ib per 
ips) sq per (kips) in.) | (kips) sq in.) 


85 | 2.93¢ 
729 | 1. 2.57¢ 


mp @ Neglecting friction effects. % Split rings did not fail. ¢ The base block sheared at this load but the 
: - toad did not decrease. 4 Steel plate had been added. ¢ These factors are of doubtful value since the 
- working stress in bearing, on inclined planes, should be based on the indentation in the wood. 


— of Test. —The results of the tests are summarized in Table 19 in 
which the various maximum and working loads and stresses, corresponding 


, unit stresses, and ratios R are shown. . The working stresses of 563 lb per sq in. 


~ and 380 lb per 0% ~ - (Table 19) are based on the formula developed by R. L. 


: in which P is the eeweble unit compressive stress para allel to the grain; Q is the 


allowable unit compressive stress perpendicular to the grain; N is the allowable : 
unit co compressive stress at angle 6 to the grain; aad oi is the angle to the grain 
of applied load. 
Joint J35 failed shear in ‘the butt blocks dime the had 
f -seyes about 13 in. into the 45° cut of the block. The split rings were 


intact whereas the block was completely split. 
a As in joint J35, the block in n joint J36 was split, and failed in n shear; het 


the load did not hom. The reaction bearing (the post) sank 14 | in. into 0 
- the 70° Penge cut of the chord. | Despite the steel plate, the 45° bevel dug an 


If the working load for which the er end diagonal was 3 designed i is s taken : as the 
inclined ¢ component of the working « capacity of the : six 4-in, split rings, which 


been 46, 16.5 kips. cor responding unit stress on the beveled face of the butt 

block wo would have been 580 lb per sq in.; and the corresponding unit shearing _ 

stress i in the block, 150 tb per sq in. Judged by the failure of the butt t block, © 
these working stresses were too high for the c quality ¢ of butt block used. a. ~ 
7 = stress of 450 lb per sq in. and a shearing stress of 90 lb per sq in. would — 


“Investigation of Crushing of Spruce at of Grain,’ 269, U.S. 
Air Service Information, Washington, D.C., 1921. 


4 


1957 
— 
the 
(335...) 75.8 12.6 111.5 1,640 
96.25 16.0 | 206° 139.54 1,453¢ 
a 
— 
long 
slip 
— 
— 
lock 
: 
pre- 
aced 


_ 3 have been more in order. These sihiain would have { given R-values of about 3, 
based on | the ultimate shearing stress 3 and on the butt-block bearing stress at 


which an indentation of ¥ in. was observed. — A boxed-heart stick should not 


have been used for so important a menaber as the end butt block, for such a 


. Even had the block been of sound wee failure at such comparatively 
» 


~ how unit stresses leads one to question whether the generally accepted w working 
_ stresses for longitudinal shear in joints and bearing on inclined surfaces are not 
too high. Probably the detail of bl block could have been modified to provide a 
lower shearing stress; but, to reduce the bearing. str ess, a a larger end post , would 


have been necessary. 
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68. —SreaP AND PIN Jours—Jomr 537 


(937, 338, and in a@ pair of steel pin were bolted to 


were 6 in. by 3 in. Each pair was fastened to each side “g each w wood member 


ya some checks at the bolts in their diagonal tension member—member No No. 3. 


was not in joint J37; but shrinkage i in joint J38 was 


- each member entering the joint; and each pair of pin plates was then connected 
toa single pin. One of the joints is shown in Figs. 68 and 69. _ ‘The | pin plates 


and ¥ was as tested at a “moisture content of about 15 %o- Joints J37 and 338 ha = 


of st 


4 
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Fig. 69.—Srrap Prin Joint BEForRE TESTING 


which i is the member yer that failed. “Fig. shows the t typical splitting of this 
tension member at the ultimate load, and Fig . 71(b) shows the same failure : 
after the steel plates had been removed. — hen Table 2 20, it can be noted that 


TABLE 20.—Bo.urep Srrap anp Pin Joints 


_Loaps on Mempers, in Kips oF Bours? 


Ratiow load | 


“Joint Maximum, ‘at Failure | Allowable, Po ) a 
4 min 


No. .2 | No.3 No.1|No.2| No.3] 
337..| 402 6 | 63.7 | 21.0] 15.7 | 21.0] 3.03 | 0. | 
--188..) 50.2 ‘5 | 69.3 | 21.0 | 15.7 | 21.0] 3.31 | 0.070 a 
4 


95.7 123.4¢ | 21.0 | 15.7 | 21.0] 5.9 


a 


a _ ® Ratio Roa for member No. 3, which failed. __ ® Measured on one side of joint only. ¢ End distance on © 
_ the first bolt at member No. 3. ~] Elapsed time of testing. ¢ The tension connection used consisted of 7 
six 4-in. shear plates with j-in. bolts, 12-in. end distance, and 6-in. spacing. In joint J39, this connection ~ 

successfully withstood 123.4 kips, the largest maximum load of the three tests. P for six shear plates 

_ 5 kips without reducing for substandard and 23.2 kips if reduced for 6-in. spacing. hus, 


the R-values of the failed members were 3. 03 in joint J37, 3.31 in joint J38, 
and 5 and 5.9 in joint J39. The values of the proportional limit loads were 
Rot determined. Joint J39 took a greatly increased ultimate load as compared — 
“to the loads by joints J87 and 


i an ‘stated, there were checks in the t tension members of these last two 


5 that these ‘slight dif difficulties were responsible for the great difference in load- 
: carrying ¢; capacity. 7 y. After failure, i in spite of the e splitting shown in the pea 
eraphs, the joints | continued to carry co considerable as shown i in 


y 
— 
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, bolts wereZtight in their holes in the wood. The joints were provided with | 
ss at }-in. stitch bolts as shown in Fig. 68. 
d not [ The results of the tests are summarized in Table 20. Fig. 70 shows the slip —_—  o 
ich a of steel plates with respect to the wood in tension member No. 3, joint J39 a ieee 
+ 
— 
29.6 23 
71.0 128 
tes 
ber 
The 
sir 
ti. “4 
All a 


After emantltiaes, it was found that. the bolts nearest the pins were bent the 


; least, whereas the bolts farthest from the pins had larger deformations, possibly 
due to the action of the stitch bolts. _During” the tests the members began 


splitting at at the ends; therefore, it is believed that, if the stitch bolts had been 


0.01 004 005 


Deformation, in Inches 


Fia. 70. or Sreen PLaTes Respect To Woop TENSION Memser No. 3 q 


‘aeiaal at the ends of the members, their ultimate loads would have been greater. 


T he excess of the ultimate | loads of joints J37 and J38 is unexplainable, except 
; perhaps that it furnishes a an n example of the old adage that “the « exception anal 


x 
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View of Split in Tension Member at Failure 
i Same as (a) with Steel Plates Removed “di 


” The increased | capacity is naan a not the result of a better 
ality | of ass. Member | No. 3 of hago J39 had a boxed heart; ‘it had 25% 
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| compared to fourteen and thirty eight, agutinds, | in joints J37 and J38. 


- Bolted Joints with Steel Straps.— —Tests were made of two joints of identical _ 
design. taken from the East Cambodian Towers in which the members were _ 


interconnected by steel straps and bolts as shown in Fig. 72. ore 
Diagonal member No. 3 consisted of two 3-in. by 14-in. sticks with an 8-in. 
| by 14-in. filler block between. n. The member | was connected to two steel straps, :. 
each 3 3 in. by 12i in., , with | three 1}- in. bolts. The horizontal member (member 
No. 1) was a 14-in. heer 16-in. stick with four 1}-in. bolts connecting to the same — 


steel el straps, the bolts bearing at an angle of 343° to the grain of the member. 


2 


Center Line of Wood—~ 
Center Line of Plate ~ 


“Member No. 3 


Member No. 2 
x 133 "~ 


Member No.” 


x 14! x 14" Plate~_ 
133" x 153" 
Center tne. Rods/} 

" 


Ss 


Vertical m member No. 2, an 8-in. a 14-in. stick, bore on a steel plate « on 1 the top : 
of member No. 1 and i in addition had a a steel tension connection to the same 
member. Joint J40 is detailed i in Fig. 72. ~The wood of both joints was of 
select structural grade de of fir i in good condition. The measured shrink- 
age amounted to about ds in. in 14 in. of width laws At the time of testing the 
wood had a moisture content of about 15%. 
. In the test of joint J40, the tension connection was made to. the. two 3-in. 7 
by 14-in. diagonals u: using the 8-in. by 14-in. block between them as a filler. 
Th the > test of joint: J41, _ the pull was applied directly to the 8-in. by 14-1 in. 7 
stick, so that the two 3- in. by 14- in. sticks acted as loose fills in the transfer — - 
of loads to the steel plates. In joint J40, failure took place not in the original 7 


joint, but i in the new tension connection of member No. 3. sh Tk 


me In the test of joint ‘J41, loads were » applied until the deformation became 7 
80 large t that the joint 1 merely yielded without | further increase in load. | Conse- 
“quently, the test was discontinued because ¢ of these large « deformations, with 
the joint still holding its maximum load. | _ The joint was then taken apart and 
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= TESTS: 


Three 1§" Bolts 


— 
of the 
of the Steel Plate 


| 


Deformation ‘of the 
our 14" Bolts 
the Steel wal 


Between | 


15 and 16) 
16f15 


0.08 012 016 020 
in Inches 


Ia. 73. CuRVE OF 
TABLE 21 —Bo.r AND Sreet-Srrap JOINTS 


ALLOWABLE Loaps Ratios, DEFORMATION ‘| 


L 

NUMBER OF ma | 

IN. Bours Rea | Sidual | Load 
J 


load, Piin} At Load Ps 
in 
Member ber Mem-| bend kips) Mem- Mem- 
No. 3| nec- | ber | ber 


19.9 18. 4.7 4.3 | 85.4 |66.754/ 0.089 |0.048| 
19. | 129.2 | | 0.051 | 0.050/| 


Mak, 


~ 


al 


Pa e The tension member. * Three bolts, loads parallel to the grain. 
‘344° to the grain. Not t evident. Through two loose filler plates. Includes loose filler plates. 


— 
— = sin 
— 
End of Test | 2 fol 
ber | ber,| 
No. 1} No.3) 
if 
40..| 93.9 q = 
— 
fi | 
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* 


- the ‘blocks split open to: observe the e deformations of the bolts, whic ch amounted _ * 
14 in. at points of maximum bending. 73 shows the stress 


curves of the joints and Table 21 ‘summarizes the results. The slips of bolts — 
in both joints at their allowable loads were the normal slips (about 0.05 in. ‘Sa 
but the influence of the loose fillers in joint. J41 is evidenced in the much a 


slips of the bolts in this joint at their maximum load. 


Built- U | Columns.— 


9 


604 Each Side Bite Bolt—> x Five 604 Each Side 


6% 
11g" x83" —S gn 
15! 34 — 


- 
COLUMNC2 


43" 124" 


15! 


COLUM 
7 —Derans or Bury 


Columr mn Cl, taken from the Mission Trails Building, was made of ‘two 3-in. 
by 8-in. sticks spaced 6 in. apart, held together at midheight by a a a block with a 
tingle | $-in. bolt and at the ends by end blocks fastened only by nails. — Column» 


C2 was from the ‘San Francisco Building, and column C3 was s from the Mission 


(days) 


oa main framing of this building. Each of the two columns ennai of t two sticks 


forming T-seetions, the two pieces es of column C2 held together by nails s and those - 
of column C3, by bolts. — Details of the three columns are shown in Fig. 74.: 
The columns, about 15 ft long, were of select structural grade of Douglas | fir 
were tested at a moisture content. of about 15%. The shrinkage of 

column Cl was estimated to be about 2 in., and that of column C3 was from 

a The ends « of all columns ¥ were carefully squared. In columns C2 and C3 of 7 . 
T-section, the of the T-section were cut back about 2 in. so that the 


Elapsed time 


4 

Spaced Column and T-Section Columns.—Because of financial limitations, 

the somewhat extensive original program of tests of built-up columns and struts — Ch ee 
| § had to be curtailed so that only three built-up columns were tested; however, — a 
they represented three separate types. 
L 

— 
4 
— 
29 
ry, 
— 


sy were installed to measure 
"deflections caused by buckling, as. 
‘Ee as compression deformations. 
Loads were applied in increments 
of from 15 kips to 20 kips, about 
20 min being consumed for testing 
Column C1, the spaced column, 
= started buckling at a load of about 
50 kips, but supported a maximum 
of 60 _kips. Then the re- 
sistance load decreased, and 
buckling increased. ‘Ther man- 
“ner of failure is illustrated i in Fig. 75. 
In testing column C2, of the 
nailed T-section, at; a 70 
- kips, there v was a visual ‘indication 
of a sine curve with about 
amplitude. At a load of 106.3 kips, 
_ the web of the T-section suddenly 
buekled and tore loose from the 
flange, the nails ripping chunks of 
wood out of the web section. 
75. —Bowrne Famure or Conumn Cl Column C3, witha bolted T-see- 
ee tion, did not fail in buckling. Ata 
load of 1 182. 7 kips, the | head of the jack which bore directly ¢ on the web of the 
column crushed the > wood. «Just before failure, it was noted that the free edge 


‘slightly, 


Results Test.—The re- 
sults of tests are summarized 


the relationship ‘between the 
center buckling and the sup- 
_ ported load for column — Cl 
The column had a definite pro- 
portional limit load of 50 kips. 
‘At this the computed 


value. of E was 1 ,600,000 lb 1 per 
in. The mene 


Center Buckling Deformation, in 


bers of this" column had an Fie. 76.—Loav-B ~BUCKLING ‘Curve or or CoLUMN 


to an L/* of 210 (L = height of column; d= least depth of section; and # = least 


radius of gyration). ‘The 1 maximum 1 unit stress at failure was 1, 146 lb p per sq in. 


eachcolumn, 


°o 08 16 24 32 40 48 56 64 72 


TR 
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—— loads would bear on The Verulcal only. All three columns were installed 7 
——— horizontally in the testing machine and the loads applied through steel plates = 
= 
— 
For 
¢For 
— the v 
Sea crus 
— 
— 
bolt 
in 
» 
— ‘The 
| ‘ren 
— 
— 
an 
— 
— 
| 
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~ 
ypers May, 1947 TESTS 


alled ‘TABLE 22. —Trsts oF CoLuMNS (Motsrure Conrenr, 


able 
Per- BEGAN AT: UPPORTED 
| |cent- | 
sum-| (ft) |~ 
|woo per sq per sq 


umn | grav- 


0.46 | 14.5 | 25 | 15.25 | 50.0 | 955 | 60.011,146 295 |1,146+ 295= 
5 | 28 | 15.25 | ...4]| ...4 | 106.3] 4.4310] 61 | 19.7 | 1,178¢ | 4,431 +1,178 = 
42 | 15.12 | 182.7 |4,6770| 15.1 | 1,193¢ | 4,677 +1,193 = 


a * Modulus of elasticity EZ =1,600,000 Ib per sq in.; allowable s=1,200 lb per sq in; and L/d=61. 
For the entire length of column Cl, L/d=61, the maximum between the block and the end being 30. 7. 
¢For a spaced column, using split-ring connectors. — 4 Rwa =955/295 =3.3. ¢ Loads were applied only to— 
the web (vertical) of the T-section. / Buckling began at failure, web tearing loose from the flange. @ Unit 7 
stress in the web section. 4 This specimen did not fail as a column and did not buckle. It failed by local 
crushing under the jack, with a bearing pressure of 6,172 lb persqin. 


The na nailing « of column C2. proved adequate to support the web, the web, and the - 
bolting of column C3 was even more effective. _ These three tests are too few 
in number to warrant drawing any definite conclusions. However, the loads 
that they carried are impressive, particularly when it is considered that: (1) 
‘They had seen | continuous service vd gage two and one- -half years; (2) they 


for the tests tend to lend in types of 
particularly for use as s bracing str struts, for which they are usually employed. — 
Poenes characteristics of the wood of these columns as shown in Table 22 are 


PLywoop ‘Tests 


= 
“sheathing when wed as a 


earthquakes. Plywood- sheathed walls were | so utilized in in a of 


hen the test program was: first or ganized, it had been expected to test 
tee plywood panels from the various buildings, but this procedure \ was later 
found to be impracticable. As an alternative, it was decided to investigate 
three basic requirements in the design of plywood diaphragms. Therefore, 7 


7 


“test, specimens were built from plywood panels. that had been exposed to the 
elements at the Exposition site for a period of about 2 years, and three groups — 
of tests were made as follows: 7 


a 1 Strength of nail fastenings under lateral al loading. 
2.— the shearing ‘strength of plywood. 


d under shear witl 
all three of ny following types 0 


— 
« 
—= 
Ratio 
Roo 

3 Od aie 

Cae 
3.92 
bout = 
— 
ation 
lenly 
: 
Ata 

— | 

4 
— 
d 
4 
— 

taree groups of tests were run a 
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‘Type 1. —Three-ply #-in.-thick Douglas fir plywood unpainted that 


had been used i in the interior of buildings and were in fair condition. Glue | i 


was a moisture re resistant adhesive of the soya, bean or r casein typ. | pe 

Type 2- —Three-ply -thick Douglas fir plywood ‘specimens removed line 

a : po exterior walls. walls. They had one coat of paint and were generally in good | ply 


‘Type Five-ply y-in. Douglas fir plywood specimens 3 removed (uy 
from: exterior walls. _ They had one coat of paint and were generally i in good "100 


Plywood 


a 


= 


. 


Bed of Machine 


(a) TYPE A 


x 


Nails 
| 


oe Bed of Testing Machine © 


‘Fie. 77. —Derans Piywoop Naru SPECIMENS 
- Glues for types 2 and3 were phenolic resin adhesives or phenol-f formaldehyde 


a The preceding determinations were made in the Tacoma laboratory © of the | 


Douglas Fir Plywood Association, from samples submitted by the committee. 
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Group One; Lateral | Strength of ails in Plywood- —An important criterion of 
‘the strength of the average plywood diaphragm i is the lateral strength o of the 
nail fastenings to the studs. Before designing the Exposition structures, pre 
liminary tests had been made which indicated that six-penny nails used in 
plywood ye in. thick failed first by bending and then by the heads pulling - 
through the plywood. Consequen ntly, when a design called for 
(up to about 1,000 lb per lin ft) to be carried on plywood diaphragms, special — 


— - nails were specified, with a a — No. 10 gage shank 13 in. long, t 
1, i in. in diameter, to 


since their reduced roofing nails, together with 


more usual types, were tested in this series. ne Sad 
‘Specimens —Eighty-two specimens were made up as shown in ‘Fig. 77, 7 
neluding the three types of plywood mentioned previously. . Some w were to be 
tested with the loads parallel, and 
‘some with the loads perpendicular 
the grain of the face plies. 

Nails were four-penny, 

-eight-p penny common wire” 
nails, and two types of special 
roofing nails— ~all galvanized. One 

‘roofing nail was fi in. long, No. 

gage, with in.-round head , and 
_ the other was identical except that — 

‘its head was 3 in. in diameter. 

Nails “home.” On 
specimens of type B that had in 
= twenty-two nails, the top nails 

shown in Fig. 77(b) were omitted. J 

_ There was no change i in the number 
of bottom nails. The interior block q 
which received the point of the 
_ was cut from an 8-in. by 10-in. 
- piece that had a moisture content 
of : 14% and a specific gravity of 
~All center blocks for 

"specimens cut from the same 
by by 10-in. piece, so that little 
Variation in results should be 

pected f from this source. ‘Special 

was taken in ‘cutting a and as- 

- square cuts and even bearings ; for distributing the loads’ equally among the | 
“Rails, Each specimen had from 14 to 22 nails, so that each test represents the 
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the testing f frame i As shown i in k Fig. 78. Two ) Federal dial | gages were used, with 
the wood mountings as shown in the photograph. . These gages w were eatheded | 
to the specimen to measure the deformation between the center block and each — 
_ + ad ‘Because hand pumping was used with the hydraulic apparatus, the speed of 
testing was indeterminate. | Pumping was done at an approximately uniform 
Tate. ‘It required from about 2 min to 2} min to reach the limit of the dial 


— 


“and about 2 min more were e required to reach a total deformation of from 3 in. 
tog in., , at which point the tests were stopped. 
"Type A . specimen (see Fig. 77) Was used call the first tests. Trouble 
“was experienced with some of these specimens, in that the plywood failed i in 
column action, before the nails failed. To remedy this condition, type 
specimens were used because of their increased compression area, the number 
of nails being decreased in some cases. es. Some specimens with heavier nails 
were braced, as shown in a Fig. 78, to prevent a side movement if the plywood | 
7 _ Failures observed in these tests were of three types. Th The majority of the 
failures—most of those for the six-penny, eight-penny, and the special roofing 
nails with because the nails bent and then the head 
through the plywood. This also happened in the case of the four-penny nails" 
with 3-in. plywood. “In the remainder of the four-penny nail tests, on the 
failure re generally occurred because the nail bent and then pulled 
out of the block to which the plywood was nailed. The third type of failure 
occurred because the nails bent and then the heads broke and pulled off. This. 
“result happened in all the tests of the : special roofing nails with the ;4-in. heads. _ 
At. at total deformation of from 3 4 in. to7 in., all the nails | had passed the 


: point of maximum resistance and were viehilen , while : supporting less than their 

previous maximum loads. = 


- a Results of Tests s.—Fig. 79: contains the load- deformation curves of of the tests 
‘i Table 23 is a summary of the results. The individual tests of each g group | 
show | a definite uniformity in the great majority of cases. : In ten of the fifteen 
groups, the values for the loads acting at 90° to the grain of the face plies are 
larger than those acting parallel. . This condition is most noticeable for light” 
nails and for the three- -ply plywoods. In the cas case of the five-ply plywood ane and 
larger nails, these values are closer together. 
os The proportional limits of the nail strength values, as given in Table 23, 
are very approximate since nail | tests invariably yield irregular curves. In 
- establishing safe working nail values for ] practical uses, it appears desirable to 
base them on an allowable deformation, such as 0.01 in. ~~ cual 
_ Further economies 1 in plywood construction might be. realized if nails with 
aia: shafts and larger heads were to be 1 ‘manufactured. — ‘Economies in labor 
i — as well as in materials would also result since large | nail spacings could be used. 
Group Two; Plywood Shear ‘Tests —The shear resisting ability of the ply- 


q wood in plywood diaphragms is ; of importance; yet few data on this subject ar are 
: ; available. |For this reason panels were made and tested in which the a 
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TIMBER, TESTS — 
(3) Eight- Penny Common Nails | 
| 
pe B § Three Ply, Inches Thick | 
(5) Big Head Roofing Nails 
the (3) Eight - Penny Common Nails 
= 
x 


Papers 


23 —OBSERVED Loaps, 1 OF 
Tests oN PLywoop SPECIMENS 


In. vein. In. In, Factor OF: 
allel | Cross} allel Cross allel | Cro: 
_|to the) grain |to grain |to the slip 


5 | 278 | 291 282 |. 
| limit, 113 | 105 | 105 92 | 123 | 108 63 
Observed Load at Deformation of: 

i 96 é 122 | 108 


119 | 135 145 | 130° 


(6) Srx-Penny Nam 
363 | 424 374 317 | 450 | 385 | 385 | 


limit, 110 | 155 | 123 | 137 | 147 | 148 | 137 
Observed Load at Deformation of: 
140 | 108 | 143 | 157 | 138 | 133 


172 | 132 | 174 | 184 | 171 | 160 _ ne pee 


Ultimate load...................| 520 | 489 | 474 | 495 | 501 | 484 | 492 


Proportional limit, P: ..| 195 | 203 | 157 | 209.| 203 | 185 onal 120 . 

172 | 194 | 154 | 197 | 187 | 175 | 179° 


Ultimate load.... 440 | 500 486 | 469 | 554 | 582 | 505 | ... |... 
Proportional limit, P: 151 | 172 | 155 | 187 | 202 | 172 | 107 |... | 129 |... 
Observed Load at Deformation of:} =| | _ 
145 | 166 | 127 | 188 | 174 | 158 | ... | 99] ... |... 
175 | 201 | 167 | 216 | 213 | 193 | ... |...) ... iid 


Roormne Nats wirn y-In.-Rounp Heaps 


Ultimate 494 | 525 | 561 | 506 | 541 | ... |...] 


Proportional limit, P: y 180 | 189 | 250 | 212 | 212. i33 
Observed Load at Deformation of: i | 
163 | 214 | 190 | 195 | 193 | ... 


20 121 
249 | 240 | 219 | 251 | 248 | 258 | 244 - 


preventing either ither failure by buckling of the » plywood sheets or ‘fallare in the 


Specimens.—There were three test specimens of plywood panels—a typical 
one is shown in Fig. 80. Exterior load-carrying members were made , of wide 
- timbers, permitting sufficient roofing nails to be applied at each edge so that 


“ the nails themselves would 1 not fail. — The panels were also blocked to prevent 


= 


the plywood from. buckling. Fig. 81(a) ‘shows the top. At the two corners, 


a : where loads were not spelled, a gap was left so that the frame itself would not 


<< carry any load. Loads wi were applied directly to tl the frame o on two of the 
diagonal corners. To bearing of the loads on the plywood itself, edges 


M¢ 
we 
onl 
the 
— 
i638 
— 
a 
i 


were clipped on on a a diagonal thereby providing bea bearing fc for : plates o on the frame 
oy 
‘The; general setup is shown in Fig. 81(b). ‘The hydraulic jack is shown at 
the left, and the reaction into the testing tr truss a at the the — is taken through a 


58" 


2! on. . 


x 


Serup, Puywoop SuHear Tests 


(a) Construction of Specimen 


short heavy en . Gages were installed as us indicated i in Fig. 80(b). One dial 
gage A A measured the lengthening of the tension diagonal, and another gage Bo 


| 
| 


— 


measured the shortening of the entire frame from timber to timber as as close to” 7 
corners as was practicable. Four ‘gages were installed to measure the nail 
i . As these slips were small and correspond to the series of tests on nails, 
the results a are not t discussed. es Fig. 81 .(b) shows the dial g gage s > setups sas seen from 
- - the back of the machine. - Testing g procedures for each panel were as follows: 
Test No. 1; Three-Ply Panel, } In. Thick—This panel was placed in the 
"machine and ended with a 50-ton on hydraulic jack. In the first 21 min of test- a 
. ing, the deformation at gage C, measuring the total frame and panel deforma 
- tion, ‘Was 0.331 in. At this point, with 19,800 lb on the panel, the dial gages ~, 


_ were > removed and the loading continued until a deformation of about 1 in. was SO 
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_ obtained after an interval of about 5 min. © At this time the — failed in shear 
at a load of 23,000 lb, corresponding t to a shen: of 2,571 Ib per ft, or 575 lb per — 


j sqin. At tellure, the panel split lengthwise in many fine lines. “After failing, 


the panel still held a load of about 19,800 lb. 
Test No. 2; Three-Ply Panel, x In. Thick.—This panel \ was loaded i in the 
same ‘manner as in test No. 1. 7 . ke the first 20 min of loading, ng, gage Cc registered 
: a total deformation of 0. .241 in. _ Failure was reached in 6 more min with a total 
“4 deformation of 0.380 in. at a load of 37,500 lb, corr esponding to a shear of 4, 068 
. Ib pe per r lin ft, | or 775 lb per sq in. At this point, the panel completely 


View of Topof Panel 


at the third points. =. Loading was contineed until a deformation of | 2 in. was 


noted, the load dropping gt er adually to 0 about : 20, 000 Ib, which w was s maintained 


May 
( 
and 
form 
ft. : 
tern 
> 
nha 
of 
— shown in Fig. 82, with offsets of about in. 


‘Test N No. 3; Five-Ply Panel, gs In. Thick.—The panel was installed in the 


testing frame and testing was started with a 20-ton jack. _ Loading was begun o 
and 24 min were required to reach a maximum load of 32,170 |b, with a de- 
formation of 0.239 in. at gage C and a corresponding shear of 3,597 lb per lin” 
ft. . Since it was found impossible t to increase the foregoing load because of ex- 
ternal conditions, it , was released, n noting : a permanent deformation of 0.043 in. 


at ‘gage C. No detrimental effects were noted . The following day, testing 


‘continued w with : a 50- ton on jack w which ch required 20 min to show a total delacmmation 

¢ of 0.278 in. at a load at failure « of 51, 300 lb—corresponding to a shear of 5,736. 
‘lb per lin ft or 1,090 lb per sq in. Failure consisted of a single tear down nthe — 7 

of the panel. 

* - Results of Tests. —For all three panels, Fig. 83 shows cu curves relative to the — 
‘lengthening and shortening of the diagonals ur under load in terms of a 12-in. 

gage length and shears p per linear foot acting on the plywood. The horizontal 


— displacement of the wall (A) caused by plywood deformation can be computed 


in 1 which (see Fig. 83(b)) Li is the — of a ail and Ki is a factor derived 
from { the curves (deformation a at design 1 shear). . All the | times given in. in Fig. 
83(c) are for deformation on the compression diagonal. — 7 It may be noted that 
“the tension diagonal deformed slightly more than the compression diagonal, 
which g seems to agree with other tests on timber and plywood. Deformations, 
caused by shear it in the plywood, are relatively small, especially 


slips. In most designs they may be neglected. 


_ Table 24 presents a summary of ultimate loads and deformations. Ace 


_ cording to to these tests, five-ply plywood, as compared with three-ply plywood 
of the same me thickness, has about 40% greater ultimate shearing strength. The 


results of these tests would indicate that the of plywood i in shear has 
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Length, in tnches 


a oot Gage 


a 
~ Curves Puywoop Specimens, Group Two Tx 


wets 


Fra. 


“WITHOUT BLOCKS 
ree enn __ in Plywoo 
Typical Jack Specimen No. 8 


_Notch in Plywood 
Specimen No. 7 


Panels 


al A 


ypica 


1" x 12!" Notch in Plywood 
for Specimen No. 6 


(Eleven Nails Specimert No. 
vs Twelve Nails Specimen No. 


6"! Typical on Interior 


_ Where Shown 


3! a7 Typical 


2 


Five Nails at 8! 


Center to Center 
onBlock> 


6"'x 8! 6! Typical 


—3"'x 6!!x 8! 6! Typical 


6" Blocking 


Center to Cente 
on Stud 
Eleven Nails at 8"' 
nter to Center 


Each Stud 


Ce 


Mg ae STUDS AT 48 |  (@ STUDS AT 24 INCHES | (f) STUDS AT 16 INCHES 
84.—Derans oF oF TESTED FOR | ror BuckLING TABLE Lm 25) 


7 mt been f f ully u utilized because of the difficulty of making adequate « connections. 
‘This deficiency may be remedied by the use of specially manufactured nails, a 
: as previously mentioned, by gluing, or by some other equally « efficient method. 
: Because of the i increase in the use of plywood, , these problems appear to be 
_ Worthy of further study so that its potential strength values can be utilized 
Ba Group Three; Plywood Buckling Tests—This group of tests included the 


investigation of plywood panels i in which the buckling of the Plywood. itself 


Center to Center 
Stud 


= 


1! 11 10" 1 
. § 
@STUDS AT 48 INCHES | STUDS AT 24 INCHES | (@ STUDS AT 16 INCHES 
: | 
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= TABLE 24.—Summary o F Resuurs, PLywoop | Suzar Tzsts, Group Two 


MMA 


8 SHEAR Dzrormarion, * Gace C 
Load on (IN IncHES) 
ane. 


| (Lb per 1,000 4 2 2900 
lin ft) | sqin.) load | ead 


23,000 | 2,571. 575 0.085 
775 0.053 
1,090 0.019 


Five ply, in. thick...... 1,300 
_@ Total deformation (in inches) of the plywood and frame at gage C, Fig. 80, under three loads: A 
naa "of 1,000 Ib per lin lin ft; a shear of 2, 000 | Ib per lin ft; and, at an instant ‘before reaching the ultimate 
7 load. See Fig. 82. 


133 9460 0.469 
0.380 
0. 106 0.278 


might be the strength criterion. For this purpose, eighteen specimens were 
pe 


built u up of plywood 3 # in. and 3; = in. thick, using stud sp spacings of 16 in., , 24 in., 
and 48 in., v with and without ‘locking s at tl the midheight of of the panels. One 


test was made of each type. of specimen. 
TABLE 25.—Report or Tests IN Piywoop 


= 
Sipe 
nailat 


a 
No. Plywood (see Fig. 84) 


Stud Spacing, 48 In. (Fig. | 
Three ply, # in. thick......... 14,9402.¢ 670 
Three ply, yg in. thick 15,4202.¢ 724 
Five ply, in. thick. 14 1,670 


Shear 
load¢ 
lin ft) | Pounds per 


Stud Spacing, 24 In. (Fig. 
Three ply, 4 in. thick......... 15, 9200. a 1,780 
Three ply, in. thick........ 14 20,640 2, 308 
Stud Spacing, 16 In. (Fig. : 7 - 
Three ply, in. thick. 15,920. i, 
ives ly, in. ithicks. 15, 40 
ive 0,640 | 2, 
Three ply, # in. thick......... 31 | 31 | 14 | 14 | 19,1000 2135 | 
Three ly, yg in. thick........] 32 | 32 14 14 | 17,700%0 | 1,979 
_ Five ply, vein. thick... 82 | 32 | 14 | 14 | 19,220 | 2149 
Three ply, in. thick......... 15 | 13,500 | 1,509 
Three ply, in, thick: 32 | 32 | 14 | 14 | 15920 | 1,780 | 509 
Five ply, vs in. thick... 82 | a2 | 15 14,0008 15 565 417 
Stud Spacing, 16 In. (Fig. 84()): q 
‘Three ply, in. thick......... 33 | 33 15 14 20, 100 2, 2,247 
‘Three ply, ye in. thick........ 32 | 32 | 14 | 14 | 16,430 1,839 a = 
‘Five ply, in. thick......... (32 82 it 19, 600 a 2,192 605 


only five cases (Nos. 1, 2, 4, 10, ond’ 1): was any tani tendency to buckle. ‘The » nails failed 
in — case (except as noted by footnotes > to 9). % Ultimate nail value (pounds per nail). In — st 0 
Nos. 1, 4, 10, and 11 the nails were not the cause of failure (see footnote *). ¢ Failure by buckling o - 
, 4 The specimen buckled first and then the nails failed. * Ragged edges and ragged spots on top and diet i \ 
i < “a sides (see Fig. 84(c)). 4 The buckling test was stopped when the load on the specimen would increase 20 7 
‘a further. ¢ Failure was by buckling but the nails were well bent and pulling through. 4 Failure was by a f 


‘ nails pulling through the plywood. ‘ Test was eines when the clipped edges touched each other. ? Nails 
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eighteen panels, measuring 4 ft by! 8 ft, were constructed 
as shown i in Table 25 with Figs. 84 and 85. a Greater than usual edge. distances 
of the nails were used because all plywood sheets already had a series of nail — 
holes at the edges. _ In addition, some of the edges were slightly ragged. As 
in the shear tests, a space was left between framing members to minimize the 
amount of load that the frame wiped would sony. Edges of the plywood were 
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Center Line —— 
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Mounted o 
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Plywood 
x 6" x 3! 31 737 7 


plywood, routing forces thereby through tl the frame and the nails. The plywood | 
was fastened to the frame with special ‘roofing nails (No. 10 gage 12 in. long, 
with fein. heads) spaced 3 3 in. center to center at the edges and Sin. center to 
toc on interior contacts. All nails we: were driven “home.” 
Testing —The panels installed i in the testing eames were like those used in 
‘the shear ‘tests. Loading was applied with a 20-ton hydraulic jack, in a manner 
similar to that for the shear tests (Fig. 81@)). Gages were 
at the four edges of the plywood to measure the nail slips. _ Braces were re- 
“quired to hold the frame in position. Since the web i is off center from te 7 
- chords, , the near ce corner xr of the panel (Fig. 81(b)) tends to move up whereas the 


increments, interrupted long. enough take of the dial = 

Panels 1 were tested to failure, or until the deformations were large enough that 

“ the edges of the plywood bore on the bearing blocks at the reaction of the jack. = Y ba 

- Thirteen of the. eighteen’ panels failed by yielding of the nails (Table 25), 

1 most of them pulling through the plywood. In a few cases, the nails pulled 

Bc of ‘the s studs. In these thirteen tests, , several pane panels failed after holding 
=~ at large deformations for some time. | ‘Final failure sometimes occurred 
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85.—Corner RET TO TT DIMENSION IN TABLE 25, FoR ALL Buckuina Tests 
nly. | 
a] large nail deformations. In five specimens, failure is attributed to buckling, — p= 
_ 4s shown by the contours and deflection readings in Table 26. 


‘TIMBER TESTS: 
TABLE 26 —Danscnom (INCHES) OF Purwoop PANELS AT FAILURE effect 
‘THREE -(Rarsep SURFACES A ‘ARE DENOTED thick 
termi 
| 
with 
specié 
i 3 505 lk 
} per n 
| 
' 
‘wood 
yond 
PANEL 11 
14010 | 8,950. 5020 | 13,000 | 13,000 | 17,0 
Load’ | 12,960 | 14,940 | 8,950 | 11,920 | 14,940 | 15,920 | 13,000 | 18,000 17,700 a 
E....| +08 | +0% | +03 +14 
--| | +08 | +03 | Sie 


Soke are pe for the points shown in the accompanying diagrams. _ > Loads on the panel, in 
= 


Results of Tests sts.—The ¢ fetes aon each te test panel together with ultimate loads, 
- maere of failures, etc., are shown in Figs. 84 and 85, and in Tables 25 and 26. 


orm _ Average test values for all panels at various stud spacings are as follows: 


per lin ft) 


rom it 2 etc a of 500 lb pe per lin ft for plywood 
o in. thick is allowable since it would provide a ratio Rus , of 3—the lowest 
ultimate load recorded being 1,509 lb per lin ft. Even in the panel failing at 
that load, failure occurred in the nails and not in the panel, ae 
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1947 “TIMBER TESTS 
i ‘The addition of intermediate blocking seems to have had little, if any, 
‘effect upon the strength within the limited range of stud spacings and 25a 


_ These tests were not sufficient i in ; number or scope | ‘to be conclusive i in de- 
‘termining g critical buckling proportions s even i in . stud spacings « as large ¢ as 4 ft. 

i The ultimate nail values obtained in the: buckling tests are comparable 
with | previous nail tests. ‘For example, the average ultimate § strength of a 
‘special roofing nail with 5, .-in. head as found in the nail tests of group one was 
505 Ib per nail; and the average for the > buckle tests of group three e was 508 Ib 
“per nail in those tests in which the nails caused failure. 

Conclusions on Plywood Tests. .—The following two conclusions on the ply- 
wood tests s seem justified: (a) the value of plywood as a diaphragm to carry _ 
large loads, even where panels a are as thin as 3 in., appears to be established be- 
yond reasonable doubt; and (6) the use of stud spacings larger than the cus- 
tomary 16 in. or 24 in. appears | to be possible. 

- Because of the financial limitations of this ; program, other contemplated 
of plywood panel construction could not 


“are the following: 

My I, The buckling resistance of plywood beyond the scope of the present paper; 
Il, The Strength of of plywood panels i in which the edge distances of nails ls are 


«in. or less, a as is the case where 2-in.-wide studs are used; 


a IIL. The capacity of nails when plywood panels are nailed to each other rather 
to studs or posts;and 


The characteristics of large panels, with and without openings, 
using details of construction as found in current best practice, par- 


ticularly where bottom sills are bolted to — 
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FORMULAS FOR STRESSES IN CONCRETE 


PAVEMENTS OF AIRFIELDS 
By H. M. WESTERGAARD,’ M. 


| 
SYNOPSIS 2 


The stresses in investigated here are caused loads. The isa dis a pressure 
transmitted through ‘the oblong ‘ “footprint” a tire of a landing gear. ‘gear. Three 


positions of this load are > considered: The first is at a considerable distance ae 


any e edge or joint, i in ‘the interior of f the a area of a a panel 0 of the pavement; the 


second position is is next ‘to an | edge or next to a joint that has no capacity for 


a 


. load transfer, but i is at an 1 appreciable distance from 1 any corner of the panel; i 
the third ein | is nent to a joint that permits s some | transfer of load to o the 


adjacent but is at an distance any | corner 0 of the panel. 
Formulas are. given for stresses and deflections caused by such | loads. | The = 
significant stresses a are tensile stresses at the bottom of the slab. ; A fourth po: posi- © 

tion of the load, , at a corner ¢ of a panel, by which ¢ significant tensile stremnes are 


produced at the e top of the slab, i is s also ‘important, but is not considered herein. 


The boundary « of the footprint of th the e tire i is s usually a curve that lies between — 


an ellipse and a a circumscribed rectangle, | but, for present purposes this curve 


can be replaced i in ‘most cases by an an equivalent slightly more oblong ellipse, : 


and the load can bee considered to be distributed ‘uniformly o over | the area of this _ 4 
an 7 Specific formulas are derived under the assumption of such a heed, 


but general formulas are also stated which apply for any shape of the footprint 
(including the case of dual tires). = 


nO The basic formulas for stresses under loads in the interior | of the area of 2 a 
- Panel have been published previously, but the remaining formulas are the 


The order of "presentation is: Statement of ‘assumptions; statement of the 

3 formulas; numerical examples; derivations; comments on evidence from ww 


= 
4 _ Norz.—Written comments are invited for immediate a to insure publication the last ~~ oe 
should be submitted by October 


"Gordon McKay Prof. Civ. Graduate School of Eng. Harvard Univ.. Mass. 


# 
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4 
| 
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following nstetion i is used: 


The 


P= load transmitted through a tire to a panel of the pavement; if a mn 

part of the total load transmitted through the tire is on the other} ‘Tt 

_ side of a joint or outside the edge, only the part transmitted to | that t 

» panel v under consideration is included in P _ than 

ab = semiaxes of an ellipse representing the footprint of a tire; if the the or 

load is next to an edge « or joint, a is the semiaxis parallel to the correc 

edge or joint; either a or b may be the greater semiaxis, depend. times 

ing on whether the joint is longitudinal or transverse; | | highv 

ay y= horizontal rectangular coordinates; if the load is next to an edge —.. 

— or joint, the axis of z is along the line of the edge or joint; if the The! 

footprint of the tire is represented by an ellipse, the axis of zis edges 

the direction of the semiaxis a; 7 influ 

 @ = deflection at an edge or at a joint that has no capacity for load 7 y. 

(y= deflections at the line of a joint on the two sides « of the joint when 
joint has some capacity for load transfer; 


Ox, oy = tensile stresses at the bottom of the slab in the directions of x and 


the interior of the area of the panel; 

ial a. = tensile stress at the bottom of the slab along an n edge or along | a 
joint that has no capacity for load transfer; 

aig = tes tensile st stresses along a joint at the bottom of the ne slabs on the two 


es, = of the joint when the joint has some cai capacity for load | 
= thickness of the slab, assumed constant; 


4 - : = modulus of elasticity of the concrete in the slab, assumed constant; 
= = Poisson’ s ratio of the concrete; 


.? = modulus of subgrade reaction, assumed to be a constant, measur- 
2. a able in pounds per cubic inch, defining the tenstion under 
the slab per unit of area as k 2; 


- radius 0 of relative | stiffness, defined 


a Natural logarithms a are ‘used unless otherwise st stated. 


ASSUMPTIONS 

pe of ‘The assumptions usually made in the study of slabs on a subgrade are: 
(1) Within the range of action the slab i is elastic with single constant values of 7 
the modulus of elasticity . E and Poisson’s ratio Te (2) the thickness, h, of the | 
‘slab is constant; and (3) the reaction of the base on the slab isa vertical | 
pressure, equal, per t unit of area, toa constant k times the deflection 2, the base 


_ being uniform in character and everywhere i in contact with the slab. . The cot con- ; 


‘ 
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othe! Iti is. assumed furthermore—and this can be assumed without hesitation— 


May, 1947 PAVEMENTS OF AIRFIELDS 
7 ; stant k is called the modulus of subgrade reaction and is measurable in pounds _ @ 
= r per cubic inch. «iti is kept in mind that the third assumption is an empirical | 7 
3 if r makeshift, which however has been found in the past to give usable results. _ _ 


ed to - that the a average » of the width and length of the footprint of the tire is ‘greater - 7 a i 
a than the thickness of the slab in all significant cases. Under this assumption, ‘4 
f the @ the ordinary theory of bending of plates or slabs can be used without the special - ; 
o the B corrections that would be needed if the loaded area were very y small, as as ‘it some- - : 
times must. be considered be in the corresponding problems | of concrete 
edge Each panel of pavement i is assumed to be fairly large and as yet uncracked. 7 ‘ 
f the & The load is assumed in no case to be close to more than one edge or joint; other Mg 
ris “edges or joints are assumed to be far enough away to have a negligible 

influence on the stresses directly under the load. 


= Case 1.—The load is ; applied i in the interior of the area of the e panel ata 
. considerable | distance from any edge or joint. ‘The total load P ? is distributed 


‘uniformly | over the area of the ellipse— 


‘Stresses. and Deflections in the I nterior of the Area of a Panel. ae te of 


— 


The p principal tensile stresses oz and cy, in the directions of x and y, y, at the © 
bottom of the slab under the center of the oe may be computed e either by | 


‘he formula 


fa + log — (l— 

275 ( logie — _ ER =F 0.239 
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Gn which Li is defined by Eq. 1) or by th 


7 Case 2.—The load again is applied i in the interior of the area of the panel 


a at a considerable distance from any edge or joint, but the load now has a more 


7 general type of distribution. _ The total load’ P is distributed | uniformly over 
any area A having both axes of z and y as axes of symmetry. Such an area 
my be the footprint of either a single or a dual tire 
The principal stresses , and pe at the bottom of the : slab under the center 
of the load d may be computed by the following formula: ; 
21548] 


he equations: 2 


S dA cos 2 
The integrations in me 8a and 9 are extended over the entire loaded a area, and 


deflection at any point within: or near the | loaded area ma} 


2 


Ueite 
bola 


is the are area of an ellipse which is tangent to ) the 
or and has. the 


"Stress in Plates Loaded Over Small Areas,” by H. M. Westergaard, Transactions, 
_ ASCE, Vol. 108, 1943, pp. 831-856, especially P. 835, Eqs. 21 and 22. eee 
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_PAVEMENTS OF AIRFIELDS 
The tensile stress at the bottom along the edge or - joint directly under the 
of tangency of the that is, at = 0, may be computed either 
by the formula— 


‘er 
( “100% (24 


4 


a a-biog — 
13 


or by the ‘equivalent formula— 


in which l, as elsewhere, is the radius of  eemaioen <i stiffness defined by Eq. 1. 


= 


edge or or joint ata distance y from the edge or joint at the 
joint itself) may be computed by the formula: 


‘The character of Eq. 14 as an einiailinaie formula is indicated by the omission 
terms in y, or in a and b. terms a are 


_— Case 4- —As i in Case 3, the load is again next to an edge « or next to a joint : 
| that has no capacity for load transfer, but the total load P is now ‘distributed — 
uniformly over the area of one half of an ellipse = The ditews has the principal 
radii a and b, and the diameter 2 a is along the edge or joint. — This condition — 
may occur when one half of the footprint of the tire is outside hemes under 
P is then half of the total pressure transmitted through 
mits The tensile stress at the bottom of the slab along the edge or joint under 
the ¢ center of the e ellipse may be computed by t the following formula: _ Pate 
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40845 


any other point « on n the axis 


paw  ¢C ase 5. —As i in Cases 3 and 4, the load i is s next to an 1 edge or n next toa joint 
~ that has no capacity for load transfer, but, as in Case 2, the load has a more 


any area A having = axis - y ‘as an axis of symmetry. _ The axis of 2 is 


stom of the slab along the eg 


general type of distribution. ‘The total load P is distributed uniformly over | 


oak Li is ; the radius of relative stiffness defined | by Eq. +. and K a S are the 

area coefficients defined by Eqs. 8 and 9. In computing K and S by these 

formulas it should be noted that in this case, unlike Case 2, the € axis | nae a, being . 

along the edge or joint, is not an axis of symmetry. 

_ The e deflection at a any point on the | axis of symmetry pauline to ‘the 

é “edge or joint at a moderate distance y from the edge. or joint (or ¢ at the 2 edge 
_ or joint itself) may be computed by the approximate formula: = =| 


EESET 


- (0.76 + 0.4 (0.76 + 0.4 ¥ 


Stresses and Deflections at a Joint That Has Some Load 


on the e other side of the joint. _ The transfer intone are either continuous along 
the: joint or are closely spaced. The joint is capable of transferring load with 
an efficiency j which may have any value in the range 0 0 < j=l. The extreme 
value. j= =1 represents 100% efficiency, which n means that the deflections sof 
_ the two adjacent slabs are certain to be equal at the line of the joint. The 


ne ie other extreme j = 0 would mean no transfer of load as in the preceding Cases 
os 3 to5. The meaning given here to any intermediate value of jis ; expressed b by 
wee a formula which is recognized to be approximate only, but which | nevertheless ; 
will’ serve the present purpose of estimating the of stress byl load transfer; 


in which 2; and 2’ j are the deflections of the adjacent t slabs a at any point at the ; 


joint, while z, and are the corresponding deflections that would oceur 
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| 
isame place if the joint had no capacity for load transfer Eq. ‘- must be 
‘considered as approximate | only, because j is assumed to b be constant over — 


ome distance. 


Under these the tensile stresses o; and o’; at the bottom of the 


(1 3 39 wh 


in Ww hich oe and o ear , are the corresponding stresses that would be produced if 
the joint: had no capacity for load transfer. . That is, depending on the dis- 
tribution of the load, o. , and o’, «may be defined by such formulas as Eqs. 18, 
2 ‘Similarly, the deflections of Ge two slabs at the joint may be computes 

ee + 3 2 j 2’ 


& 


Iti is s obser served that Eqs. 22 and ( obey Eq. 19. : 


of the tire is taken as an ellipse © with an average | diam in, 
The thickness of the pavement ish = in. 
The modulus elasticity and Poisson’ ratio. of the concrete are 
E = 4,000,000 lb-in.- 2 and pu = 0. 15. The “modulus of subgrade reaction is 


‘k= 200 ‘ted 


how” 
ith these values one finds the following constants whisk recur in the 


the first being the radius s of relative defined by ™ 1: 


= 0. 5967 


‘Example 1 1—The load i is in the interior of the area of the pa ‘The semi- 


axes of the loaded ellipse are a = 20 in. and b= 10 in. 


som The stresses o, and oy under the center of the load in the directions of the 
and shorter respectively, are Eq. 4 as 
‘the » deflection under the center of 


apen 
uted 
more 
over 
x is 
— 
the 
nese iim 
_ The following values are selected as common to all the numerical examples: a 
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the load atz = y = 0 are stated as f follows: pO 


‘2 = (0.02303 — 0.00109 — 0.00047) in. = 0.02237 in... vee (26) 
The same results are obtained from’ "Eq. aq. 5. 
- the end of the major axes, atz =a, y= = 


thie given the deflection si that point as z = 0. 01997 i in. 
_ Example 2 —The load is next to a longitudinal joint that has no — 
for load transfer. The loaded elliptic: area is tangent to the the joint. The semi: 


= 20i in. and b = 10 ing 


"The stress at the - joint is computed t by Ec 13. The two terms and the 


a= = (239. 6+ + 501.2) Ib-in. —2 = 740.8 lb-in.-?. . 


_ Ea. 14s 4 gives | the following va values of the « deflections Ze at the joint : and dz under 


= = 0. 0638 in 


Example 3 es _ is next to a transverse joint that has no capacity for 
load transfer. The loaded elliptic area is tangent to the joint. The semiaxes 
area = 10 in, and b = 20 in. The values in — 27 and 28 are. are by 
‘the exchange of the values 0 of a a and b to 


o. = 663.8 Ib-in- =0 0.045 in. and = 0.025 in. . -..(29) 


the last of be considered only as ac as cr crude 
because the distance of 20 in. from the joint to the. center of the load is rather 


Example 7? —The load | stradles a longitudinal joint, with half on each side; 
as = > 20 in. and +« 10 i in. The load on one side of the joint is 25,000 Ib. The 
efficiency of the joint does not enter into the computation. gs. 15 and 16 


give the stress and the deflection at the joint as 


= 428.0 0 Ib-i in. = 


It is note ‘the stress is a little less in 1, in which the 
sane § is in the interior of the area, but the deflection is conspicuously greater. 

_ Example §.—The load is next to a longitudinal joint which has an efficiency 

je = 0.8 (or 80%) for load transfer. . The loaded elliptic a area is tangent to the | 
- joint. _ The semiaxes ar are a = 20 in. and b = 10 in, With o, taken from Bq. 


6-27, , Eqs. 20 anc and 21 give the following abesianmion on the two sides of the joint: 


= 740.8 lb-in, — 40. 08) = 4 = 296.3 Ib- 


. 22, 
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— t 1s obser ved that o; In ol Nas the Same value as dy in Kq. 25. 
ae = ie indicates that, under the circumstances, a joint efficiency of 80% or more wou “ing, 
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Mar 
_ Example 6.—The load is next to a transverse joint which has an efficiency — 


j= = 0.66 | for load transfer. T The loaded elliptic area is tangent to the joint. 
al Eqs. 20, 22, and 29 ¢ give: 


The semiaxes are a = 103 in. and b = 20 in. 


DERIVATIONS 


are a former? paper by the in which the use of area 


~ coefficients such as K and Si in Eqs. 8 and 9, and place coefficients | such as the _ 
1 the constant 0.1159 in n Eq. 7 were introduced. J Eq. 3 defines the stresses in the _ 
y interior of the area when the loaded area is the ellipse in Eq. 2. It is obtained : 
: = from Eq. 7 by substituting / from Eq. 1, omitting within the brackets a small 1 
(27) positive term containing yw? and a nearly balancing negative term. 7 By ‘substi- _ 
inder tuting the following values‘ for K 
q.4 isa transcription of Eq. 3. a=b (that i is, when the elli ellipse i is 
tile), Eq. 4 agrees with formulas published earlier.) 
ans od In a paper published in 1940,’ the writer showed that even with a fairly 
—_ . large circular footprint of the tire the > correction that would have to be added Lo a 
.(29) ff to the stress in the original formulas because of the large radius would be small. = ; 
ation ‘For example, with a=b=15 in., but with other values as in the present - 
thes ‘numerical Example 1, the added stress would be only 4.6 lb-i —Sucha small 
ee correction m may r well be ignored, and the correction of this type has been ignored — 
side; 2 Eqs. 3, 4, and 7. 
The ‘The 1940 paper*® also cor contains a formula for the dsflaction at the center of 
di6 ge loaded circular area. That formula agrees with, and thus confirms, Eqs. 5 


and 6 when these > equations are applied with a= = 6 and z = y = 0; but Eqs. 
dand 6 apply 1 when the loaded area is an ellipse. _ Eq. 5 is derived from Eq. 10 
which applies when the loaded area is of a general type, but symmetrical about — - 


1 the both : axesofxandy. In performing this derivation the first integral i in Eq. 10 
ater. can be obtained in a finite for m; the second integral i is merely the polar moment. 
ency of if inertia of t the area; and K und S are given in Eqs. 34. bo OU » = 
the It remains to the validity of Eq. 10. terms containing x? and 
Eq. are verified by noting that they define the same curvatures as do the stresses 
t: a in Eq. (On account of the symmetry of the load there can be no linear terms 
(31) inz and - ye - The remaining terms in he 10 are correct if the deflection « due = 
, pp. 840 and 841, Eqs. 51, 65, and 66. 
(32) Ra “Stresses i in Concrete Pavements Computed by Theoretical Analy sis,” by H. M. cneaiae Public 
oads, April, 1926, pp. 25-35, especially Eq. 
Thi .  §“Analytical Tools for Judging Results of Structural Tests of Concrete Pavements, “s by H. Mz. Wester- 
Gard, ibid., December, 1933, pp. 185-188, especially Eq. 4. 
ou ein Stresses i in Concrete Runways of Airports,” by H. M. W ment. Precesdi 9th Annual Meet- 
ing, Highway Research Board, December, 1939 (published in 1940), pp. 197-202, especially Eqs. 6, 7, and 50. 
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load P at the distance r from the point of application of P ean 
the formula: 


log +1. 


Eq. 35 is obtained from the exact 910 by 
and higher powers of r. This concludes t! the verification of Eqs. ‘5, 6, and 10. 
—B. Stresses and Deflections at an Edge or ata , Joint That Has No Capaci y 

for Load Transfer-— 


when the load i is 3 next to an n edge 

and is distributed over a not tee large ar area of an any shape, i is two formulas which 
are taken from a paper published i in 1923. a. The first defines the deflection z 
produced at the point z,y by a load P at 2 =y=0 when the axis of x is along 
an edge and the slab covers the entire region y > 0. The second formula, 
which is used as an auxiliary equation, defines in a related form the deflection 


z;, produced at the point : xy with 7 y =0 by a load P at z=y= 0 when the 


slab ¢ covers the entire zy- -plane. The fo formulas are: 
By 


+ =a ay — (1 — at 


By 
will | | 6 cos sin U | da, 


in which a, B, and y are three positive values obeying te relations: 


. Eqs. 36 6 and 37 387 can b 1 be verified by showing that neh both oth satisfy the governing 
differential 


also be interpreted as s the deflection ‘produced at the « origin ‘of the ‘coordinates 
i a by a load P at point zy. ~ It follows that the diagram of deflections produced 
is at the edge, aty = 0, bya a load P at point | 0,y may | be obtained as the diagram 


of deflections produced at the distance y from the edge by a a load a at the origin. 
‘It follows from this that the curvature — produced at the or origin by a load 
‘Stress Concentrations in Plates Loaded Over Small Areas,” by H. M. Westergaard, Transactions, 
Vol. 108, 1043, p. 839, Eq. 48. 
in Concrete Runways of Airports,” by H. M. Westergaard, Proceedings, 19th Annual 
a time Ly ~wne Highway Research Board, December, 1939 (published in 1940), p. 197, Eqs. 30 and 34. 


Beregning af Plader paa elastisk Underlag med serligt Henblik paa Sppresmaalet, Sper 
dinger i Betonveje,” by H. ee I ngenigren, Vol. 32, 1923, pp. 513- “624, especially E 8. 47, 
and 34, and also Eqs. 48 33. 


— concentrat 
stated by P at | 
Accor 
> 
7 
(37) 
— that 
— 
 @ @ both give values converging toward zero as the distance goes to infinity; an | by tl 
— 
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Pat point 2 z,y may be obtained as the curvature — - 3 ; produced at point ay 


a load P at the origin « of the coordinates. 


a to the dual peteeneniiition: of the curvatures, if the load P is at point — 
Th ag! function z in Eq. 40 is also the function z defined by Eq. 36. _ «By use 


. 1 this gives t the stress at the e edge d due to P at — ay as: 


(41) 


The in ‘Eq. 41 has a singulaxity atz = = 0, an infinite 


value at that at point. The « difficulty involved i in this is overcome » by dividing o, Oe 


value at the. origin of the 


a ‘The choice of the function ¢ is aided by noting the type of the cate 


In this way one at form of 
in which 2; is s the deflection sical at point z,y by a load P at ee origin of ; 


_ the coordinates in a slab that covers the entire 2,y- -plane. ‘The function z,can 
be defined by Eq. 37; but i in the 1 vicinity of the origin of the coordinates the =. 
two second derivatives i in a Eq. 43 n may also be expressed i in the manner of — 7 4". 


_by the formula 


2d +h (i _1- 
{ log - - 0.1159 — 

2 
The remaining part of Te is obtained as as 


ps Die elastischen Platten,” by A. N&dai, Julius ateane. Berlin, 1925, p. 204. 
bed sor aires Concentrations in Plates Loaded Over Small Areas,’ * by H. M. Westergaard, — 
SCE, Vol. = 1943, p. 835 et seq., Eqs. 17, 21, 22, and 51. 


— 
Pan 
5 OF the coordinates detines 
_ &f the tensile stress along the bottom of the edge at that point as: 1. ‘ a 
ity 
— 
the 

: 

and choosing the part so that it will have the same type of singularity as o, > 

— 
| 
38) 
a 
ing 
39) 
in. 
— 

(46) 
il 
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| 
with Ce as in Eq. 4 41 and again defined by Eq. 43, but, this time withs % the 
substituted from Eq. 37, which thereby serves its as” an auxiliary to the : 
24 (1 +n) P [1 + (1 — @ ele cos da 


in which, as before, a, and‘ ar are by Eqs. 38. 
As is was anticipated, o, in Eq. 47 is in fact a smooth function without infinite 


values i in the half plane y 20. — In the region of small values ‘of x and y the 


function o, may be written 1 with adequate accuracy as a a linear function of y 


= [o- Je-y- ot ay 


alu sin the constant term in Eq. 48 it is noted that: 


m(3+ 4) 
which By at and are constants defined byt the formulas: 


f1+ (1 a? B] Bde of the 
1+40 pes — (1 — "Basin 

? 


nei the load Py is s distributed ov over a an area . A wr of being ional 


the point z,y, Eq. 45 is replaced by the rg 


4 


or in which K and, S are the e place « coefficients defined by Eqs. 8 and 9; 9; and Eq. 50° 
Ss modified by replacing y by” the distance eg from the edge to the center of 
gravity of the load, load. n Eqs. 42, 50, and 53° lead to the following for mull 


— 
The ve 
2 to be 
— 
This leads to the following form of Eq. 48: 
Bs By 
— 
— 
— 
4 
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for the tensile stress along ¢ the bottom of the edge § at the point z= 
to the actual load: 


1 


which are by Eqs. 51 and 52 
oe Like the part o, of the stress, the deflection z, at the edge at x = y = 7 
be expressed with adequate accuracy as a linear function of the distance go from 
the e edge, p provided that the loaded area is not too great. at. Thus ot one may write ri 


dy 


of, in terms of two dimensionless constants B; and Ba 


nd By, are determined through Eqs. 3 36 6 and 55 ond are ay 


V2—-y-M 


in which ee is defined as : 


and 


1 
as before, a, 8, and are positive ve values 
Numerical values of the constants B,, 
By Bs, B,, as defined by Eqs. 51, TABLE —VALUES OF 1 THE 
d7, and 59, and. computed | by 
of the staff of the David Taylor Model — 
Basin, United States s Navy ‘Department, 
Phememeged Md., are given in Table 1. 

umerical studies of these values have . 
led to. the following ‘formulas through | 
which the four constants are determined 0.3822 | 0.4314 
the range of are g given in forms 
that lend themselves to the final formulas: 


4 - 0.8659) = = 0.28 + 


(0.76 + 04 Bs. 


ry y = 0 due aa 
iz 
fy The values of Bs 
| 
— 
50) 
50) 
3) = 
— 
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Substitution from Eqs. 60 and 61 in Eq. 54 Eq. 17 which 
‘defines o e for any shape of the loaded area. Eqs. 12, 18, ard 15 are specific 
forms of Eq. 17, which are derived by use of Eq. 1, by replacing log (1 — , 


by - and by substituting appropriate values of and S; namely, for Eq. 
1b the values i in Eqs. 34, and for Eqs. 12 and 13 3 the following val: values which 


apply at the ends of the axis 2b of the 
a 


- should be mentioned that Eq. 15, which applies when the load i is distributed 
over one half of an ellipse, does not become identical, when a = b, to the 
formula—given « elsewhere*—for the case of a a load distributed over a semi- 
circle. anid _ The stresses defined by ‘Eq. 15 are 15 are greater than those. defined by 


~The value of ; 2 defined by Eq. 18 when y = 0 is derived from Eq. 


substitution from. Eqs. 62 and 63 and by use of Eq. 1. . The second quantity 
in | brackets in in ‘Eq. 18, which extends ive applicability of the a , to ) points 


i - Maxwell hansen. of reciprocal deflections. Eqs. 14 and 16 are merely specific 
‘This c completes the verification of the formulas for stresses and deflections 
t C. Stresses and Deflections at a Joint That Has Some Capacity for Load 
Assume. that the load Pi is on side A of the the purpose 
“of the analysis this load can be resolved into two component parts: Component 
a consists of } P on ‘side A and 3 P placed symmetrically on side B; component 
II consists” of 3 3 P on side A and — 3 3 P on side B. | Component I produces 
the deflections 4: z on each side. Component II equal and oppo- 
“site on the two sides. According to ‘Eq. 19 these deflections are 
+#t3(1- yy Zee - This lea leads. to the resultant deflections defined by Eqs. 22 and 
23 with z,=0. ae: he complete Eqs. 22 and 23 are obtained by superposition 
of the effects : of loads on both sides, . Eqs. 2 20 and 21 which define the rn 


“Since t the. 1920's ¢ experimental evidence has. accumulated supporting the 
V4 claim of usability of the formulas p' published previously for stresses in concrete 
highways under loads distributed over a small circular area. The Public 


Roads Administration—formerly The Bureau of Public Roads—has conducted 
_ A comprehensive report in five parts published in 1938, 
me 6 1936, and 1943 by L. W. Teller and Earl C. Sutherland,!* Members, ASCE, of 


_ 4“Stresses in Concrete Pavements Computed by Theoretical Analysis,” by H. M. Westergaatt. 
4% “Analytical Tools for Judging of Structural Tests of Concrete Pavements,” by H. M. Wester: 
gaard, tbid., December, 1933, p. 185, Eq.5. j= 


The Structural Design of Concrete Pavements,” by Teller and Earl C. Sutherland, iid. 
_ October, November, and December, 1935; caeneaed and October, 1936; and April- -May-June, 1943. aed 
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4 PAVEMENTS OF AIRFIELDS 
_ the Division of T ests, of f the Public Roa Roads A Ad ministration, should be mentioned 
expecially. - The last part of this report contains extensive and careful com- ; 
‘parisons of tests and theory. These include a very satisfactory verification of 
the relation defined by Eq. 7 betwe 2en the stresses in the directions of the long 
and short axes of an oblong footprint of a tire!” 7 The 1 new formulas that have 7 
been published are derived from the same hesle theory as the formulas pub- 
“lished previously, and may thus be considered to be supported by the same 7 
in the light of general experience) hap the sequence of 


amples may be as | further evidence in favor of formulas. 


The formulas that have been presented lend themselves to three purposes: 


q The interpretation of experimental evidence; the interpretation of practical 
experience with pavements in service; and the forming of judgments from which 7 
_ policies of design may be adopted to meet new conditions such ¢ as new types | 
and new magnitudes of the loads. 
Th relation to the complexity of the problem, which involves a number of — 
_ significant variables, the for mulas are simple to use. 
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D SCUSSION 


“DESIGN: OF PLYWOOD -BEAMS 


Discussion 


Howarp J. 19 Assoc. M. ASCE. 19__The e encouraging comments of 
- those who discussed the p paper seem to indicate that plywood I-beams have a 
definite place i in the ft future of structural 1 engineering.. However, considerable 
test data and analyses are still needed. This is true not only of the I-beam 
but also of other types of cross sections. ree Se are 
stated by the late Mr. Hogue, 19 the anisotropic character of wood makes 
“any :ny analysis complicated ; but, by expressing complicated equations i in the form | 
-_of simplified charts and tables, convenient design f factors are established. ‘With 
- the advances made in timber and ply rwood analyses i in the e past few 3 years, the 
need for the simplification of design data is apparent. —_ 


The writer did not plan his paper to cover all the possible conditions, and 
"the limitations of the methods pr resented were noted in the “Synopsis.” Mr. 
_ Ebeling pointed out several factors which are known by most st engineers f familiar 
with» timber and plywood design. Howe ever, for ‘those \ who ¢ are unacquainted — 
_ With the Forest Products Laboratory (Madison, Wis.) formula for the most 


grain of the plywood web angle of +45° to the span, his are 
Mr. Oesterblom’ s comments ‘ning the future of plywood are in accord 
7 with the writer’s views. His : suggestions as to possible girder 

seem feasible. It is the writer's s observation that the box beam with two or 
~ more webs ‘probably has more possibilities than an any other cross section. a 

same design methods can be extended to this type of section with little 
Variation, 
extension of the writer’s ; method Mr. Novick and the of 

the curves shown in Figs. 5 and 6 are appreciated. _ They have already saved 

ensiderable time and effort. The | paper was originally written in 1944 and 


Norg.—This paper by Howard J. Hansen was published in June, 1946, Proceedings. Discussion on 
paper has appeared in Proceedings, as follows: November, 1946, Dick Ww. Ebeling, 
C. J. Hogue; and January, 1947, by Novick. 


Received April 2; 1947. 
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ANSEN ON PLYWOOD I-BEAMS Discussions 


that the margin. 1 This also was noted by M Mr. 


Ebeling in his’ statement that the writer’s theoretical method of spa spacing 
stiffeners agreed closely with that recommended by the Douglas Fir —— ood 
Association as checked 1 by tes 
This paper should not be. e closed without mentioning a few of the mar many un- 
solved problems concerning wood and plywood when used in this or similar 
types of of structures. — Considerable information is needed on nailed joints. 
The pap paper r considers flanges glued to the plywood web, but there is no reason 
a these cannot be nailed when sufficient tes test data are available on the spac- 
ing of nails. ‘Since the flanges « of an I-beam or box beam may be built up of 
several pieces nailed together, more information is needed on the size and quan- 
q tity of nails to use. _ There is ‘no question that: glued laminated flanges f fastened 
to the plywood web are more efficient than nailed flanges, but just how much 
more efficient is not known at present. .! - Nailed girders have been used ex- 
tensively i in Europe, and, in place of plywood, diagonal 1-in. boards have been 
used for the wv web. This ‘tones % present an interesting ; possibility, a and tests 
should b be made of girders of this type with American species. _ Complete 
Screen or bents of this type of construction or - with a plywood web should be 
analyzed and tested. Additional data are also needed on the use of plywood 
™ gusset plates in timber trusses and arches. 
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BY HENRY B. LYNCH, AND ALERED R. Cia 


sented by Mr. Baker. the past few years it has become neces- 
that the time devoted to preparation for an n engineering career be scheduled 
with precision. ¥ More subjects should not be crowded into the college curric- 7 
ulum, In In° fact, there is criticism in some places that too much is attempted a 
already. It has become necessary either to extend the time devoted to 
 ucating the engineer | or to jettison some of the material formerly taught, to. 
make room for new ‘material that cannot be omitted. The author has SUB: 


gested a good working basis for extending courses. — See 
In appraising engineering education, in listing g the s subjects that can be [4 
discarded or ‘curtailed, and in naming ‘coon | that could be given greater — 
weight, the views and experiences of mature practicing engineers throw o 
much light as do those of engineering educators. 
o 4 For many y years it has seemed to the writer that the most important. poll 
imposed upon the engineering college is that, first of all, the graduate be . 
-_ broadly educated man. The aim of the euntadon should have been to im- 
- ‘part judgment rather than skill, knowledge rather than training. He hots 
~ have a broad knowledge—even though not a detailed knowledge—of history, 
English, : and literature. He should be \ well grounded in mathematics and 
- science and such foreign language as seems proper, without forgetting that he 
i These ¢ objectives ; cannot all be accomplished unless there is a sharp cur- 
a _ tailment in the time now devoted to subprofessional training. 2 . ie an education 
leading to an engineering degree, much of the shopwork should be eliminated 


Nors.—This paper by Donald M. Baker was published in April, 1946, Proceedings. Discussion on this 

| ed has appeared in Proceedings, as follows: Sopjember, 1946, by E. 8. Boalich, Russell C. Brinker, I. 
esterblom, Samuel T. a. Lynn ny, and L. E. Grinter: October, 1946, by Robert O. Thomas, 
2 C. Williams, N. W. Dougherty, H. A. Wagner, M. E. Mclver, and Scott B. Lilly; December, 
946, by William A. Conwell, and A. Amirikian; and February, 1947, by C. A. Dykstra, and Louis Balog. 
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and such courses as surveying ng and mechanical drawing should be greatly short- 
ened. _ Even so, provision s should be made in some such manner as that p pro- 
posed by the author, for extension courses preparing for further degrees. 
7 ithe These objectives ¢ cannot be attained | through the college alone. — 5 Consider- 
ca able groundwork must be done in the preparatory schools. — For this purpose 
a ‘sharper ¢ distinction should be made between education ends 
“the high schools and that which leads. to a a college degree. In preparing the 
engineering g student, the high schools could well reduce greatly the elective 
‘subjects permitted, with a view to giving a thorough grounding in those sub- 
jects which a broadly educated person must have, so a the t the colleges ; may” 
devote more time to the necessary engineering subjects. _ _ 
Atrrep R. Gouzf,*® Assoc. M. ASCE.“““—The experience of the Bureau of 
” Redewation shows a need for greater appreciation by the engineering schools of 
the fields of endeavor into which graduates: will advance. This experience 
supports Mr. Baker’s conclusions that en; engineering education should emphasize 
fundamental principles i in subjects throughout the broad field of ‘engineering 
and that a graduate engineer should be able to undertake a ¢ a career leading to 
administrative, executive, or managerial responsibilities. The unusual condi- 
_ tions affecting educational institutions during and following World War Ir 


provide e an unexcelled opportunity for p possible curriculum a adjustments to meet 


_ The Bureau of Reclamation is considered primarily an engineering organiza-— 
‘tn. Its accomplishments i in the fields of civil, electrical, and mechanical en- 


= are well known; yet of f its present staff of approximately 15, 000 em- 


ployees. less than 30% ar are engineers rs devoting thejr time exclusively to 
- engineering phases of planning, design, and operation processes. The other em- 
_ ployees—legal, clerical, and skilled labor—are e engaged i in multitudinous tasks 
f duiuisization. Since the work of plannin _ building and operating” 
“4 reclamation n projects is essentially engineering in character, it follows that men 
n with engineering training would seem to be the most logical group to advance 
to administrative and supervisory positions. It has been the Bureau’s experi- 
ence, however, that engineers, Tegardless of the excellent technical ¢ education 
+4 they re receive in the allege, are not as well equipped to move e into ‘supervisory 


come under their direction, as are men 1 who | have received their basic education 


in fields with broader perspectives. For | instance, » men i in charge « of operating | 
reclamation projects must be versatile | creatures. — _ They must excel at public — 
relations in dealing 1 with both water users and their innumerable requests, and 
with labor, both ‘organized and ‘unorganized. hey must be e good accountants 
to recover the construction and operating costs assessed against a project; they 
must write an endless number of brief, concise e reports 0 of every description; and 


they must operate and maintain massive-dams and miles of ‘canals, laterals, 
and 1 drains, and direct the operation of fleets of equipment. ae 
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» ig The Branch of Operation and Maintenance of the Bureau of Reclamat tion 


1947. . OLZE ON EDUCATION | 7 
& has the responsibility for the operation of completed irrigation facilities. There’ 


sant is a woeful lack of qualified men to fill developing vacancies i in the field. On the 


an - older irrigation projects the officials in charge are reaching retirement age. 

ler- 

ul New projects requiring complete staffs of competent 1 men are being brought to : 

ee | completion. In both cases the Bureau has no source of trained ‘material from 

Aa _ which to draw to fill the key positions on operating projects. This condition 


rims es caused not only by the failure of the Bureau to appreciate its own needs and to 7 7 
provide a a — program, but a on the part of most men 


nay struction is the one to follow. 
q _ With the college curriculums in civil engineering shaped as cate in most 


schools, : it is only natural that the graduate should judge that the sole profes- 


1 of - sional opportunities are in construction. The lack of interest in the operation 
8 of of completed engineering facilities—which is only one example—seems to | 
real ‘ due to two factors: (1) A failure on the graduate’s part to appreciate the engi-_ 
“iz@ ff neering importance of these facilities to the continued welfare of the community 
mF and of the United States; and (2) the mercenary aspects of low salary scales. 


-_ With respect to factor (1), if Mr. Baker’s engineering course, alternative i. 
idi- ' were adopted, it would be of great assistance. In regard to factor (2), 2 


| Js Bureau of Reclamation, together with ¢ other federal agencies, pays the same > 
aid salaries for operation and maintenance duties as those given to construction and — 

il planning engineers, largely eliminating the salary differential as a reason for 

keeping young engineers out of this field. 

Seeking to determine the situation in the western universities, the writer 

m- @ has recently ‘completed a a trip through California and the Southwest where he 

tly ‘Visited some of the major universities giving courses in engineering and i irriga- 
tion agriculture. In nearly every case, although the faculties appreciated the 
sks “need for emphasizing the part that en engineers can play in 1 western pred 
Ing ff the colleges were making no particular effort in that direction. In other words, 

anil ‘the standard four-year engineering courses are about the Same as the — 
“i given in the universities of the Middle West and the East. _ Most colleges con- | 
| sider four years academically too short a time to provide an engineering student 
ion with other than the technical tools with which to begin his career. Such 
as public speaking, administration, western resource development, 
des and national economics are seldom cc considered 


__ Resorting again to the Bureau of Reclamation as an illustration, it has 
ing - Gapended more than $1, 000, 000,000 in providing a high standard of living to 


lic ~& secure e agriculture fo for the people of the West. It has on its books 1 nearly another +. 
billion dollars authorized work and ahead are more years of billion dollar 
nts expenditures. — In thirty years the men who are now in colleges will be i in an 
ey charge of this vast investment. is self-evident that the universities, partic- 
nd ularly those of the West, carry & major responsibility i in ‘properly t1 training men a 


| — 

— 

a 

C OF laculty members to widen the scope of the engineering training 
to increase the consciousness of students to their future responsibilities 4 

— 
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‘stood. Formerly several of the western schools were london in these fields and 
_ their staff members have become nationally known for their contributions to 
ee irrigation engineering. With the passage of years, however, there has been a 
q _ Slowing down of the leadership | because of age and turnover so that institutions 
which formerly led the field are having difficulty in | maintaining their rank, 
If other schools were coming to the front this would be a healthy development 
injecting new blood and new ideas in the field of engineering education, but 


there is little indication that a broader engineering | education adapted to the 
needs of the consumer is becoming available ‘a 4 


ae _ Although the situation appears gloomy, the spark of self-improvement. does 
_ exist in most of the schools visited by the writer, ‘and presumably it exists else- 
where. Once the peak ¢ of the present high enrolment of returning veterans | has 
oe a! been passed, a number of western schools should seek to motivate en engineering 
curriculums to reflect the needs of the nation, and particularly those of the 
“western states, by arousing in the neophyte engineer a consciousness of the 
- esponsibilities attending his profession i in the broad fields of economics, public 
‘ _Telations, and administration. If the users of engineers, as well as the producers 
of engineers, will accept Mr. Baker’s challenge, this objective ultimately should 
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DISCUSSIONS 


CORRECTION | OF \ILWATER EROSION AT 


PRAIRIE DU SAC D DAM 


Discussion 


BY GEORGE P . STEINMETZ, Louis M. LAUSHEY, ABRAHAM | M STREIFF, 


AND R. H. —— 


Gzorce P. P. Srernmetz,®° M. ASCE. ‘The correction of tailwater erosion 
at the Prairie du Sac Dam (Wisconsin) by of ai an additional 


be highly successful. ‘This project ‘again emphasizes the economic ‘advisa- 
_ bility of careful model testing to determine the most , advantageous corrective 

- methods, as well as the nature of operation to be followed in m making ma3 maximum | 
use of corrective facilities after they have been installed. . The erosion, neces- = - 


- sitating corrective “measures, further emphasizes the economy y and desirability _ 
_ of model testing before initial construction of new projects when the behavior — 
of foundation material cannot be anticipated with certainty. It It is —_ 


ciated, however, that at the time this dam was sencemeea the science of model ; 
testing of this nature was not well developed. _ 


_ The increase in bottom velocities i in run No. 27 over run No. , 26, with sii is 


Ww —_ below normal in the latter run, as shown in Table 3, indicates the a advis- 
ability of a gradual building up of of tailwater elevation to to normal | before the gates i - 


are ‘opened to the full extent necessary | to > pass a given flood s so that excessive 


bottom velocities may be avoided. 


The effects of flow distribution, as it might be controlled by particular com- 2 

_ binations of gate openings, are indicated i in the first paragraph of the “Con- 

- clusions.’ ” The determination and adoption of the most advantageous com- 
 binations of gate opening for various rates of flood and ‘power g generation d 7 

Charges may be particularly important. 

1 at The entire problem of controlling 1 tailwater erosion at the Prairie du Sac 
Dam resulted from the characteristics of the shifting sand bed of this stretch of ve ‘ 
the Wisconsin River. — Some understanding of these conditions can be obtained — 


by reading 1 the 1913 and 1916 articles concerning the sonsionsties, of the al 
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TAILWATER EROSION Discussions 
which were cited in in the paper.’ 45 Tn this sect section of the river, where the sand 
_ bed is not controlled by a dam or other bar rier, the bed isin a continual p process sof 
_ moving downstream ‘in the » form of moving sand bars. This movement is 
particularly evident at the stream gaging station at Muscoda, ‘Wis., on 1 the 
‘Wisconsin River, a number of miles downstream from the dam. At this gaging 
; Station, \ which was established at about the same time as the Prairie du 1 Sac Dam 
was constructed, it is a common occurrence to observe a sand bar upstream 
from the the gaging s station during the early part of the open water season. As 
x the se season progresses, es, the bar moves closer to the station, finally reaching it; 
and at that time a normal depth of water of from 8 ft to 9 ft at the g ‘gaging sta- 
tion is replaced by 6 in. to 1 ft of water over the surface of the bar. . _ - | 
Soundings at the Muscoda Bridge for” regular discharge measurements 
: ‘duly the. period 1914-1929 give s some indication of the am amplitude of moving 
sand bars. At eleven representative stations across the channel the extreme 
changes i in bottom position were from 4 ft to 22 ft in 15 years, with an average 
range of nearly 8 ft for the eleven stations. Airy plane photographs of the | river 
‘show the sand bars quite clearly. Jo reliable information exists, however, 
on the e speed with which these bars pass downstream, or the bed- load volume 
involved. Historically, | this movement of sand bars has been in progress s since 
early log rafting days on the river, but it appears that the downstream move- 
ment had not i been seriously considered. _ When a large pond i is created by a 
dam on the 1 river, ver, the drifting bars above the dam are arr rested in the e pond, but 


- downstream from the dam the movement continues, thereby lowering the 


‘stream bed and the tailwater at the dam. - Immediately downstream from | the 


dam the movement of material is - greatly accelerated d by by the new and rapid 
currents introduced 1 by the dam. 


It appears that ‘until such time as it may become economically feasible to 

_ develop slack water throughout the sandy reach of this river, about 200 miles in~ 
length, any dam constructed on the sand bed will experience a lowering of the 

% - stream bed similar to that experienced a at Prairie du Sac, and, therefore, ‘meas 
ures: to retard or to take | advantage of such erosion will be advisable. It is 
-— doubtial if such retardation can be effected without the creation of a deep pool 

’ i: - stilling x basin, such as as ‘was rapidly created by nature ¢ at the Prairie du Sac 

Dam through the erosive action of flood discharges. ae 

— ‘Perhaps the initial construction of an apron and baffle system on any future 

“projects, , such as has been developed at the Prairie du Sac Dam, o over a , period of 
ss time, would result in n the e creation of a relatively stab stable stilling basin in the sai sand 
bed by the 1 natural action of floodwater discharge, 

ame In the event that a project was designed, as indicated herein, to create a 
stilling ba basin or pool through designed erosion, it would be advisable to deter- 
mine by y model tests ‘the extent of erosion in different periods of time and s 80 to. 
design draft tube outlets, locks (if any), and other parts o ts of the structure for the ; 


ultimate tailwater elevation and head that would be created. ee 


’ he. 3** Construction of the Prairie du Sac Power Plant,’’ Engineering Record, May 31, 1913, p. 603. 


4 “Method of Constructing a Hydro-Electric Power House and Dam on Sand Foundation,” wee 


Power and Dam on n Sand Foundation,” Engineering News, June 15, 1916, pe 
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tons May, 1047 LAUSHEY 01 ON TAILWATER EROSION 

sand a piling foundation of the apron addition, which is designed to — 
ssof § an uplift of about 13 ft of head, i is unique in Wisconsin. It is particularly 


it is important in this project, in that it allowed the effective head on the original 
the § structure to be decreased and, at the same time, allowed the total head on the 
ging § project to be increased. — _The result was that the output was increased, partic- | 
Jam ularly | during» periods” of low stream flow when tailwater is lowest and firm | 


eam power most essential. 

zit; Louis M. ‘Lausuey,” JUN. ASCE, 7¢—Different methods have frequently 
sta- | been used to dissipate the kinetic energy y possessed by the high-velocity jet on : 
 &f the lan, i best of which has probably been the use of a hydraulic jump. 7 
ents The problem at Prairie du Sac was a gradual lowering of the tailwater to such 2 
ving a a depth that apparently a jump would not form on the apron for all discharges. 

eme _ If the discharge and initial depth are known, the downstream depth required 

age for the jump to ) form can be computed from the momentum rr When | 

iver the tailwater depth is insufficient, a jump will not form on the apron. The au- = 
ver, thors have used the common method of interposing a baffle or sill in the path 
ae of the jet to create an additional upstream force to aid in the formation of the _ 


se jump at the desired position. © The obstructions also have the additional value 

—&§ of deflecting the high-velocity filaments toward t the surface, th the result being to 

keep the velocities on the bottom at a minimum. Frequently, 2 a roller can be 

— _ produced that actually causes the bottom velocities downstream from the end sill 

he. 7” travel toward the » dam a and to build | up any scoured mater ial behind the sill. 7 
Tests are being made at Carnegie Institute of Technology i in Pittsburgh, 

Pa, to determine the effectiveness: of a rectangular end sill on the production | on 


pid 
"a of a hydraulic jump when the tailwater depths are below yw normal. 7 Some ex- 


periments have been made in a rectangular channel 12 in. wide and 30 ft long. 


cm | _A thin, high-velocity jet was admitted to the upstream end by confining the 

the ened between the channel bottom and a low, rigid plate which extended | 

aes | across the channel and was parallel to the bottom. The inlet plate was ad- 3 

t i - justed to different depths in such a manner that the water surface upon exit 

into the channel was parallel to the bottom. The j jump was formed at the lower | 

“a ; end of the channel after traveling about 20 ft. It was assumed that a velocity — ; 

aul distribution would be produced at the beginning of the jump closely 1 resembling 

of the discharge after flowing down the spillway of a dam. The initial 
and final depths, and the discharge, were measured when a jump was formed 
oil the apron without a sill, and with sills of various heights. Tailwater depths 
i. _ were measured with piezometers at 2-ft intervals fe for a | distance of 6 f 6 ft down- — 

nai stream from the sills. An adjustable gate at the lower end of the channel made 

— 3 it possible to adjust the tailw ater to obtain the minimum depth required to 
a j jump. Minimum depth was defined as the lowest est depth for which the 
piezometerg downstream from the sills recorded the same height. This setup 
ion insured that the depth recorded in the model would be comparable to the actual _ 

~ depth i in the prototype rating curve. _ Furthermore, any depth below this min- 

— : imum caused a wavy surface that was highest over the sill, and the possibility 

in Civ. Eng. , Carnegie Inst. of Tech., Pittsburgh, Pa. 
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of high velocities being deflected ed toward the bottom was considered r more likely the bi 
_ than when the depth downstream was constant. The use of a second bafille, 7 be hi 


as at Prairie du Sac, would decrease the piling up over a single baffle with : ‘. “could 
= ‘resulting drop in the water surface to the actual tailwater elevation oe of me 
An alysis of Fig. 3(b), § given for the 1929 tests by the authors, | _ shows that at" best 
low discharges a jump does not form to increase the depth below the sil sill. whe dl 


nes “tually the baffle for the smaller flows, when the tailwater is very low, acts as an 4 
ee overflow weir. AS a result the water drops below critical depth on the apron solut 
downstream from the baffle to nearly its original depth. This condition holds this 
4 true to a lesser extent for the higher flows. Any i increase of tailwater. depth to the E 
: —— height: over the the sill would | not ¢ cause the j jump to move upstream . The fact dam: 
that a small amount of scouring resulted during operation of the spillway is and 
a probably a result of the small velocities at low flows, and of the higher depths _ auth 
- and the increased effectiveness of of the baffle: to form a jump at the larger | dis- whic 


charges. Ana added “protection against si scouring was ‘obtained | by placing the 
baffle 20 ft from the end of the apron. The “drop- off” from the end of the x, 


| = to the ‘unpaved stream bed, obtained in the 1929 tests, would aid in giving follo 
good results by reducing the velocities because of | the added depth of flow, 7 and 
Perhaps of most importance > in’ the correction of the erosion was the excel- 
: 4 lent velocity distribution obtained by the authors as shown in ‘Fig. 5 where | = 
oy the bottom velocities either were zero or were directed upstream when the ro t ” | 
apron was installed. Thisi is a necessary function of any sill or baffle— the for- may 


energy and forming a jump : at lower tailwaters than otherwise required is of q a 


ss of a low bed velocity. 4 The effect that such a device has on . dissipating - - 
little importance if high velocities ‘reach. the bottom. 


= From experimental curves and work in process Carnegie Institute of thes 
. Technology, an attempt has been made to o analy ze the height of ' baffle of | 52 in. bona 
in the 1929 tests for forming a jump with low tailwater depths. 
initial jet ; depth | for 50,000 cu ft t per sec (50.8 cu ft per sec per ft of f apron), fro from — = 


Fig. 3(0), scales between 1.5 ft and 2 ft. For the former initial depth, it would 
be possible to produce a jump, with no drop in elevation anywhere downstream, a 
with an actual stream depth only 80% of that required without a baffle. Using 
the other limit of the 1 range would require a depth a of 87 %o of normal. « 
_dinary hydraulic jump formula would require a tailwater depth at the bafile of 
between 8 ft and 9.5 ft, depending on the assumed initial depth. “Thus, the 


required elevation of tailw ater for 50,000 cu ft per sec with no baffle is rd ; 


wi 


out a bafile, a 20 ft, of 6 ft of water. ‘This yields a a pereentage r ratio, at te 
distance —20 ft, of depth available to depth ri required for a jump on the apron 
of between 63% to 75%. _ Therefore, it seems that the tailwater depth is: about 
18% too low for a jump with no loss in 1 depth | to form at this: discharge. That 
this estimate is perhaps reasonable can be seen by inspection of the profile in in 
‘Fig. 3(6) where the height over the baffle is about 6 ft above the stream eleva- . 
tion. _ Experiments indicate that at this flow a baffle less than two thirds of the 

"height used would have produced a jump at 50,000 cu ft per sec. Of course, 
the baffle would have to be designed for 65,000 cu ft per sec, and this sone 
os a maximum discharge seems to be drowned out on 
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the bucket, and the « depth a at distance — 


pre) not be made ade for this discharge. ie At any rate, the > amount of scouring is = 


‘of most importance, and undoubtedly the 56-in. baffle was used on the basis of 
aes protection from scour, and not just on the formation of a hydraulic jump. . 


Phd 


Srreirr,? M. ASCE.*~—An important contribution toward the 
solution of several questions involved in the design | of dams is contained in - 
this paper. In particular, the publication of the 33- -year experience record of 
‘the Prairie du Sac Dam is a valuable addition to the literature on scour below 
dams. This dam, on a sand foundation, designed by Daniel W. Mead, Hon. M. 
and Past-President, ASCE, is a remarkable structure in many respects. “The 7 
‘authors describe mainly the conditions and corrections of tailwater erosion, 
which will be discussed first. 7 ‘Several « other f features es are als also mentioned which 
warrant special discussion. 


‘The main and important conclusion to be drawn from the paper is the 
following: To be considered successful, a dam ‘structure should be permanent — 


“and secure. To this end the paper demonstrates that it is unnecessary to 
“of the « ‘should be to prevent such erosion. mn. If the » design i is such 

the erosion itself is stable, and does not endanger the structure, the design - - 
may be considered completely s successful. _ Experience | has taught | how to to at attain 7 
thisend 

ae There are many dams with erosion below the apron, not only on friable 
soil foundations, but also on the hardest rocks, such as gneiss.° In many of 
‘these cases corrective measures have been taken; amt in others, with equally 


- since 1ce the late 1880’ 8, , all illustrate the truth of the icegeing statement. nl 


This principle should be > emphasized because recent discussions frequently 
center around the building of aprons so that: (1) Erosion downstream is pre- 
_vented; (2) the the hydraulic j jump i is created ; and (3) € erosion occurs on the e apron. 


Prevention of Downstream Erosion. requirement is frequently 

advanced, but the necessity of preventive measures is not sustained by actual 

experience, nor is it followed in actual design. _ The Prairie du Sac Dam in 

Wisconsin i is only one of many examples. — ‘Iti is important because the maxi- 

Mum erosion, of one e and one-half times the normal head, occurred in a sand 


foundation. The dam is apparently entirely secure, 


2s The width of the structure— 104 ft from upstream sheet piling to down- | 
- stream end of a apron— —is very short considering the head of 32 ft and the sand . 


foundation, Comparison with the structures, listed i in Table 4(a) built during 
_ the same period and on similar foundation material, reveals that they | have 


~ aprons : much longer t than thi the apron of of the original | Prairie du Sac Dam. am. He Hence, 


— 


_ Fargo Eng. Co., Jackson, Mich. 


“Received March 20,1947. 


Development and Hydraulic Design, Saint Anthony Falls Basin,” by Fred W. Blaisdell, 
ASCE, February, 1947, p. 123.6 


by E. Meyer-Peter, World Power Conference, Vol.IX,1930,p.77, = = 


*“Technisch wirtschaftliche Fortechritte der in der Schweiz,” 
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none of these dams shows any erosion below the apron. Although this con- 
dition is is satisfactory, | the question arose as to whether a considerable i 
~ in cost ‘might ne not be attainable by making shorter aprons and by allowing a 
certain amount of stable erosion, especially since a number of | existing and 
older. structures show that this result i is quite feasible as has been proved again 
by the paper. The original apron of the Prairie du Sac Dam was lengthened — 
(50 ft. _ The baffle directs the flow upward, and thus corrects the original dow n- 


ward inclination of the apron. | The ome et} is also obtainable by toe 


weir with inclined upstream face. A number of dams: built later than the 4 
Prairie du ‘Sac Dam, on ‘soil foundations, have - shorter aprons and have per- 


manent but erosions below the structure (see Table hese 
dams" have experienced | maximum flood discharges of 115 /000 cu fi ft t per sec 


several times, and have permanent but harmless downstream erosions. 
TABLE E 4.—Over-AtL AND ‘DowNsTREAM LENGTH OF 


Croton. . River, Michigan 3 289.75 
Alcona. . Ausable River, Michigan 253 
Junction. Manistee River, | 55 292. 75 


Prairie du Sac, Wisconsin 1914 
Guadalupe Riv er, Texas ‘ 
Guadalupe River, Texas 
Guadalupe River, Texas _ 
Guadalupe River, Texas __ 

Texas Hydro-electric H4...| Guadalupe River, Texas 
Texas Hydro-electric Company, H5... Guadalupe River, Texas 


a _ There are much older structures on soil foundations which have permanent 
nd harmless deep erosions downstream. An example is the Trowbridge I Dam 
n the Kalamazoo River, in . Michigan, ' which was built in the 1890’s on a silt 


= sand foundation. Ps The head i is (22 ft and a permanent erosion 40 ft deep 


ists downstream from the pole apron. 


it ‘Many dams with permanent downstream erosions also exist on rock founda- an 
dua 112° Other examples, in | Europe and in the United States, are numel-— 
5 alll The only requirements a are > that the erosions be stable and that they 


not tend to undermine the structure. — Considerable experience is recorded to 


assist in | determining how such results ¢: can be attained. The ; paper clearly 


1**Concentrated Flow Erodes Rock Below Wilson Dam,” by Hug Hugh Oram, 


ecord, February 3, 1927, p.190. 
n “The Q’ and Reservoir,” 


‘‘Mécanisme de l’Eau,” by René Paris, 1926. 
1908. 
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= (2) iain of a E Hydraulic Jump —At low heads and at discharges of great 
the hydraulic: jump is an method of destroying energy, 
is no merit in attempting (as so often i is done) to create a sufficient t depth on 
the apron to cause the formation of a jump at low heads. The 
authors illustrate this fact clearly in Fig. 6(b) where, although the upper bafile . 
is too high to create a true jump, it, nevertheless , proved | effective. | ; 

(3) Locating the J ump on | the Apr pron low-head design, ‘this often- 
specified requirement has been proved unnecessary. | Ati is more important t to | 
direct the nappe toward the surface, which the authors achieve by bafiles, as 
stated under ‘‘Conclusions.” This procedure creates as much room as possible 
for the upstream | bottom velocities of the “ ‘ground | whirl.” The erosion caused _ 
by the extension of the turbulence below the apron, as the authors show, is 

permanent and harmless, even though the erosion depth is 20 ft below the new 
apron and the foundation consists of sand. Experience with many other 
structures, some of which are listed in Table 4, illustrates this fact. 


Pts Lowering of Tatlwater Ei Elevation. —The e lowering of tailwater i is @ familiar 
he 


enomenon on many rivers in : alluvial beds. _ The dam intercepts ‘the move- 
ment of bed load, and below the dam the existing grade creates new | bed load 
and degrades the tailwater. The total for the Prairie du Sac Dam was fortu- 
nately not great; apparently it was not more than 6 ft after which it seems De 4 
_ have been stabilized. Greater i increases have occurred in some » Michigan dams. 
At the Junction Dam on the Manistee River the tailwater was lowered 10 fe 
ae was only stabilized by the construction of a weir downstream, which is 
only temporary. The ¢ degradation continues. — ‘In 1917, when the dam was 
‘designed, previous experience 9 with the Croton Dam on the Muskegon River 
caused the writer to place the Junction draft tubes 10 ft lower than necessary. ‘te 


Even this amount proved insufficient, for the draft tubes have been corrected a 


4 


S 


since, ‘and later a counter weir was built to stabilize the head. ‘The. apron, 

vad which was previously submerged, i is “high and dry” at low water. ‘This 
sot ~ lowering of tailwater is much in evidence in the s¢ 2 southwestern United | States— 
1 or instance, at Boulder Dam. 


BY (5) Other Features of Prairie du Sac Dam,- Several ‘other interesting and © 
apy features of the Prairie du Sac Dam are shown in the p paper. ‘Since e 
there is no base slab, the upstream sheet piling forms the principal cu cutoff. 
There is no horizontal percolation distance; the reduction in head by the sheet 
“piling j is 27 ft or 75% of the present head. At the Mio Dam, which has a base 
Slab, the upstream piling reduces the head by 50%. The advantage of the © 


“design shown in Fi ig. is obvious and apparently has been quite successful. 

v ‘The dam has forty-one Tainter gates 20 ft wide by 14 ft high. The dam 
isona large river in an area that has a severe winter climate. 7 Apparently a a 
=— of rather small gates has not been a handicap under severe ice 


conditions. It would be of great interest to learn from the authors how the 
"spillway is guarded against ice ‘thrust and» and is kept operative during the winter 
and during the breakup of theice, 


N. t“Hydraulics of Open Channels,” by Boris Bakhmeteff, McGraw-Hill Book Co., Inc., New York, 
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KBAYS 0 ON TAILWATER EROSION Discussions 


Keays,” 7M. ASCE.~—The project described by the authors is very 
_ interesting to the writer, as several years ago he had a similar problem in con- 
nection with tl the flood control works on the Struma R River i in Macedonia, Greece. 
es The term ‘ “tailwater erosion” is not | strictly accurate; ‘the authors would 
do better to: state that the erosion was caused by the turbulent flow from the 
dam. It is understood that the tailwater elevation is measured after the turbu- 
lent area is passed and the river has assumed a normal flow. a a 
: So The “Synopsis” s states that i in the course of time there was a general lower. J 
st ing in the tailwater level and the river bottom downstream from the dam. 
It had been expected that long since, another dam would have been constructed 


_ downstream, which, presumably, would have backed up the water seated to 


7. —Downermeam or Wan, SHowme Brock Pavine 


maintain the tailwater elevation and of the river bed. this 
a _ was not done, however, erosion continued and a sharp drop developed at the 
ces ; Prairie du Sac Dam, in Wisconsin. =. It would be interesting, therefore, to know 


how much erosion has occurred at a distance from the dam sufficient to be free 


_ from the influence of the turbulent ow. 
‘The Kerkini weir on the Struma River near the n north end of ‘the Struma . 
om Plain is a structure similar to the Prairie du Sac Dam (see Fig. a). It also is 
ae built ona floating foundation i in sand with a line of steel sheet piling at the up- 

stream and downstream ends. In all respects it is similar to the barrages 00 
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a The weir creates a large detention basin Kerkini Lake to regulate : a 2 flood of 
4,000 cum (141, 000 cu ft) per sec, and this basin catches all the sediments 
brought down through the Rupel Gorge from the watershed in the mountains 
‘Bulgaria to discharge into the Struma Plain. 
_ The design of the weir was referred to Karl Rehbock at Karlsruhe in Ger, 
‘one, and his modifications of the design were based on hydraulic model ex: - 
periments in his laboratory. Professor Rehbock’s design included what he 
called a dentated sill. The dentations were a row of concrete “teeth” project- 7 
ig upward at the downstream edge of the apron. They corresponded to the 
“baffle wall described by the author. ‘Professor Rehbock laid great stress 
- the importance of these dentations 3 in breaking up the velocity of the current. 
NE - With this design it was calculated that a so-called “roll” would develop i in 
the flow downstream Pros the apron. A roll can be described as a vertical 
_ eddy with the return flow at the bottom. 7 The experiments showed that the — 
erosion downstream from the apron would | be in the form of a shallow depression 
for only a hundred feet or so. 
_ Apparently, Professor Rehbock gave no consideration to the fact that the 
" irene River was a heavy sediment carrier. > The result was that the relatively _ 
' clear water discharge from the weir soon began to erode the bottom downstream 
from the weir for a long distance. — This: erosion Was ne neutralized to some extent . 
by material brought down by tributaries below the weir, but it was ‘increased — 
- because of a cutoff having been made in in the ri river some distance below the weir 


‘o shorten its course. — This was a \s a permanent lowering of the bed as no ne 
was coming down as a a replacement. 
z the weir. ie nearly as the writer can remember, the weir was designed for 
a flood flow of 1 ,200 cu m (42,400 cu ft) per sec. There 1 was no reason to antici- 
. however, that the weir would ever have to operate at more than 500 cu m— 
‘ (17,700 cu ft) per sec. It is reported that, at one time in 1935, it was probably 
4 operated by revolutionists at a rate considerably in excess of 500 m per sec. 


The weir consists of a series of ten steel vertical lift gates supported by inter- 
Wee 
mediate piers and wing walls at the ends, all supported on a concrete foundation 
on wood piles in a sand formation. To ‘prevent seepage, lines of steel sheet 
piling are driven at the upstream and downstream ends. 
ra The weir was well along to completion when the writer became chief engineer 
on the project in 1932. One of the first studies undertaken thereafter was to 
: examine the question | of the prospective erosion downstream. Even with a 
flow of 500 cu m per see, or less, it was vas calculated that it would not be long be- 
a, fore the stability of the weir would be in danger because of the difference i ein 
allowing water to find its way under the steel sheet piling. 
_ The weir was placed i in operation in February, 1933. ‘There » was a small _ 
flow through the weir for some time— —just enough to wash away some — 7 
sand deposits above the weir and deposit them on the flatter slope below oe os 
4 weir. As soon as these deposits were exhausted, however, erosion began do down- Pas 
stream all along the course of the lower river. __ 


_ There is no reliable available as to the present condition of the 
Struma improvements. It is reported that they were largely destroyed during 
aaa War II - The upper works of the Kerkini weir ieee were erie 
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SPACE RESECTION PROBLEMS 


IN. PHOTOGRAMMETRY 


GEorGE H. DELL 


DELL,® ‘Assoc. } M. ASCE, ~The graphical methods in this paper, 


e 


supplemented in places by ‘numerical calculations, provide a comparatively 
rapid determination of the required orientation data. The accuracy of the , 
‘solution should prove in instances, particularly with the r Te 


fields; 


of the line of wenltions | is noteworthy as | a step in extending this concept to new 


Bt The writer has found that the angles 1 to 6, bat 3, can be one — : 


Z(2) = 131°03' 15" — Z 


9.94593 | 61°09" | 9.94245 ‘| 9.94168 | | 
(9.97719) | 7016 | (9.97371) (9.97294) | 695510 
9.96572 | (68 51) ‘9.90971, | ( 9.97054 | (69 1208) 
(9.95537) | 6536 | (9.95936) (9.96019) | 65 
9.99591 | (81 01) ‘ 9.99464 | (8 | 9.99436 | (80 43 40) 
(9. | 7016 | @. 97373) 97: 


4 
A M ERICAN foun 
Ww 
Byt 
x forr 
— 
ma 
the 
uations are.as follows: fav 
_ en by the author the equations are as follows: tf 

the numerical example g Z (5) = log sin (2) + bee 
log sin Z (5) es (38a) 

-| (67 32) 
i by P. H. Underwood was p : December, 1946, by Earl C ] 
(847, by Prof., Civ. Eng, Univ. of Illinois, Urbana, Tl. 
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BLL ON SPACE RESECTION a 


To begin with, an approximate value of 7 (2) is used. This q quantity may ~. 


found by | the graphical m method described by Professor Underw ood (see Fig. 2), 


or may be obtained from the following equation, in which it is ; assumed that the | 
photograph is without tilt: 


“LBA = ZLba = det 
inv which ‘BA is the inclination of line BA with respect to the horizontal (posi- 
tive upward inclination). 


values obtained the 
writer for Z LBA (= Z )) were: 
‘By the graphical method, 62°00’ ; 
and, by Eq. 39, 60°51'44” | The 
‘solution ‘shown in Table 7, 
which verifies that presented 


OF Swine, 


OF PRINCIPAL Line 


Po= on Me 


by the author, begins with the cos Ms 
“tained from Eqs. 37 and Eqs. @......| 47.1 
are shown n in parentheses in 


aq 


sin i =————_ 


of plane trigonometry 
was used by the writer to check 


51° 13'32” 


nates of L and V, and the re- | #=ate—(90°— Zobe) 225°50'00"" 
sults agreed within 0.1 ft, on the = Zebe— 


tan Zibv =tan /obf cosi 
— 
13°47'38” 


average, with those given by the 
author. Accordingly, i in the cal- 
culation of 7, ao», and ayo, by 
a similar procedure, the author's 


= 


4 


. of points a, ‘Dd, and ¢, with respect to point L—denoted by Pay ps, and ; re- 
‘Spectively—were computed and the horizontal line be was _— Line fo is 


Value sin | Value sin Value | sin 


69 54 32° 69 5445 69 5448 972746) 
(69 12 46) 1233) 12 30) 9.970755 
54 28 (65 54 16 65 (9.960405) 
80 42 07) (80 42 19) ¢g 42 21) 9.994261 
53 "70 07 59 | 70 08 00 
55 22) (60 5516) @ 5515) 


- the trace of a vertical plane through point L perpendicular to line be. | ‘Points o 

is the principal point of the | photograph, and point v is the ver tical projection | 

(Of point L on the horizontal plane through line be. _ Angle fbv is a horizontal 


Pars, 


= 
| 
‘TABLE 8.—C 
4 | results 
| 9 
12. 
the 
— 
9). } 
7) — 
941504 
972763) 
970737 


o ON SPACE RESECTION 
angle, "whereas angle fbo lies in the | plane abe, the inclination | of which iit. 
the tilt, i. The equations and numerical results are given in Table 8, and again 
it will be seen that the author’s solution is substantially verified. 
se In the course of these calculations it was noted that a relatively small error 
in the B-angles had a pronounced effect on the calculated coordinates of points 
V. The writer would like to inquire whether Pro-. 
_ fessor Underwood has made an estimate of the probable 

error of these coordinates, in the example it in question, as- 

7 that the solution is without error other than 


is to the fact that the 


of the angle r, shown beneath Table 5, is accurate to 
only four places. ‘Using the numerals given in 
brackets, the writer obtained 0.451024 as the value of the tangent, corres-- 


ponding ‘to an a1 angle of 24°16'36". The value: obtained | by the use of six- 
logarithms was 24°14'53”, by seven-place- natural functions, 
24°16'19 - The sole solution i in Table 8 involves as similar weakness, although to to 


lesser extent. 
_ This paper | deals with a very interesting problem, and the author has pre- 
sented a commendably clear and well-written treatment. 


; Corrections for ves 1946, on page 953, 


pl 


— 
— 
— 
. 
x 
| 
— 
change “‘lines 7” to “‘lines 8. 
— 
— 
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CLEANING AND GROUTING OF LIMESTONE, 


Discussion 
= 


ROBERT A. I LAURENCE 


« 
| )BERT LAURENCE, Esq.* *«—-Not only is the value of close, continuous 
cooperation between engineers and geologists emphasized i in this Symposium, ~ i 
; * also the changed and increased duties and responsibilities of the geologist: 4 
since the late 1920’s on such construction projects are illustrated. The | 
| changes result chiefly from the exhaustion of excellent sites and the emphasis 
on multipurpose ‘projects. The discovery of ideal sites is becoming almost. 
impossible; but, as the Douglas and Fort Loudoun examples show, detailed 
preliminary investigations and geologic study can result in the rejection of the 
most t unsatisfactory | sites, and a thorough knowledge of the subsurface condi- 
tions is necessary to insure | proper treatment of the foundation finally selected. 

_ The Fort Loudoun site was selected after investigation of fourteen alternate — 
lee, and the Douglas site was one of four originally considered. — Further- a 
- more, , drilling for { grouting the Douglas cofferdam revealed that, had the axis 

= _ of the dam been located more than 100 ft upstream or or downstream i an addi- 
tional 10 ft to 20 ft of highly y cavernous rock would have been encountered in 
the spillway and powerhouse foundations. 
ie These examples al also illustrate the effect of seemingly insignificant lithologic a 
a structural features in determining the course and extent of solution and 


é presence 2 of a . shaly laye er less. than 1 in. n. thick, which had deflected the ¢ ground : 
along the 20° dip of the beds, thus concentrating the solution, 
(see 17) the cave was large enough for mining | and | backfilling only 


= 


__ Nots.—This Symposium was published in December, 1946, Proceedings. Discussion on this paper 
a8 appeared in Proceedings, as follows: March, 1947, by Berlen C. Moneymaker, and C.E.Blee. = 


* Regional 8. Survey, City, Tenn.; formerly Geologist’ TVA, Douglas 


te March 24, 1947. 
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hed: as far as Station 13 + 0 679). thin bed, which 


caused development of the south abutment cave for a # total distance of more 
si 700 ft down the dip, was even less conspicuous. 

~The extent and continuity y of cavities” along. bedding planes and strike 
“i nts are further shown by the fact that dye placed in the river, more than 1,000 


ft upstream and downstream from the cofferdam, appeared i in the same leak 


in the excavation area within from 30 min to 45 min. — 7 a 


No description of the Douglas foundation i is complete without mention of 


the unusual filled sink on the south abutment between Stations 18 + 90 and 
(19 + 53. This sink was developed before the deposition of the Lenoir lime- 
stone, and was filled with (65 ft of extremely fine- grained voleanic ash and 55. 
ft of thin-bedded dolomite. It extended to El. 847; but, since the lower 40 ft 
of the volcanic ash was fresh, compact, and insoluble, excavation was “bot- 
- tomed” at El. 881. Many core drill holes were ‘put through the bottom of — 

this filled sink but no outlet was found. — 7 Deep solution on ‘the strike joint 


7 _ channel shown i in Fig. 22 was closely related to this — bole, ea 


TABLE 5.—Resvuts Come Dans AT Canton 


all Drilling Through 31, 1939) 


"Rock type of holes” rock (ft) | (%>) 

53 4,990.3 

5 

662.1 

a 225.8 

(1,258.2 


Under the the heading, ‘ ‘Geology,” Mr. Pauls states that: 
_ “Contrary to the normal conception that relatively more cavities are to J 
be expected in the purerjlimestone, the cavities in this area were primarily 
te) 9 controlled by structural features rather than by the purity of the rock.” rock.” 


_ This statement is ‘misleading. Although it is true that the shape, extent, and 


localization of the cavities were controlled by structural or. sedimentary fea- 


"were in 1 the Tellico, Sevier unit 1, and the lower part of Sevier unit 2. a Although 
unit 3 and the upper section of unit 2 also suffered intense deformation, the 
rocks | were much more and so Suffered less_ from ‘solution. 
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SOIL SLOPES 


Di scussion 


By PAUL BAUMANN, AND GREGORY P. TSCHEBOTARIOFF > 


Paun BAUMANN,” M. ASCE. 6a—Research in the mechanics of slides in 
soil slopes" has been aided materially by this paper. This i is particular ly true 
from an academic point of view the sand models were. necessarily confined 
toa definite boundary at the base. — ‘The models were not influenced by part or 
full saturation and therefore could: not be expected t o incor porate the com- 
plexities v which seem to be typical of slides in prototypes such as dams, canal 
| banks, and mountain slopes. An, ingenious device was used to simulate ‘ —_ 
hesion” in the materials used in the soil 
Laas Sand Model Tests. —The application of atmospheric pressure on the ex- 
posed surfaces of the sand models does not ot truly represent cohesive action. 2 
lt represents the compressive effect of. these outer forces. Hence, it lends 
support to these surfaces and causes” consolidation of the soil and, thereby, 


om the stress: distribution that would be established in the presence of 
rue cohesive forces in the prism. _ The latter would be mutually balanced 


within the mass without the aid of outer forces. ee 


‘To avoid confusion, the term ‘ “outside - pressure” will hereafter be used ins 
_‘Mferring to the ‘simulated cohesion. It 1 must also be og in mind that ol 


which is established in the course o 
tribution along the inclined base is likewise ‘ial. In the course of this dis- _ 


: “cussion the effect of outside pressure and of tilting prisms will be further studied 
compared with the conditions that would establish themselves without 


it would have been helpful if had shown a screen analysis and 
had aesege information on the vii and moisture content of the material 


ae relation of f depth to the limit of disturbance 


4 

= § 
— 
— 
| 
a 
und» 
‘ea- 
J 
igh 
the 
5, complete the paper. 
A most interesting and — 
the tests on the sand models 
paper by Ek-Khoo Tan was published in January, 1947, Proceedings. = 
Asst. Chf. Engr., Los Angeles Flood Control Dist., Los Angeles, Calif.§ 
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ON SOIL SLOPES Discussions 


Pe. ~~ to the surface of rupture. — ‘The insight into the mechanics of sliding failure 
and its division between a plastic and an elastic zone is is thereby enhanced. 


‘pore e water 8 stress that results from it. This is particularly tru true of slopes that 
Be ~ a are exposed to water subject to fluctuation. With few exceptions, landslides 
. / 4% observed in nature have likewise been closely linked with the moisture content 
in the soil and the stresses caused by this moisture, either static or dynamic, 
The tests described in the paper naturally do not shed any light on these 
phenomena; they are limited | entirely to gravitational influences on the soil 
= and to the pressure acting on the outer surface. iat 


Scale of Stresses in Kips 
4 
inFeet 
j 
aq \ SA 


Modified Shear. Area 


‘The problem of analyzing | the initial stress distribution in a soil ‘satin 
such as that used in the tests, has never been uniquely solved. This solution 
may be approached i in the following manner: 
Tet line CB in . Fig. 8 be the axis of symmetry of an embankment, the di- 
mensions of which are equal in feet to the values specified in inches by the 
es author. — Then, distance CD i is equal to one half of its base. ' The shear dis- 
rig tribution dex the base 1 may be approximated" i in siding: the later pr pres- 
sure #, as shown in Fig. 14, _ Actually, the : shear i is distributed as indicated | by 


the > dashed line. a The hatched area then represents the t total lateral pressure 


per unit width of prism acting on a + vertical plane through point A (see Fig. 
Its is ascertained by the Coulomb formula for cohesionless 


eG E, = tan’? 45 
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‘BAUMANN ON sc SOIL, ‘SLOPES 


in which y, the unit weight of soil, equals 90 lb per cu ft (assumed) ; >, the 
angle of friction, equals 33° (according to Mr. Tan); andh = AA’, 
— Itis is significant to note that ‘maximum, , modified she shear occurs s along lit line AZ, 
which means that it also occurs near the top of the slope. * This was confirmed 7 
_ by the test. The rapid increase in the shear intensity with the steepening of 
ent | the slope i is also significant (see dashed and dotted line in Fig. 14). | Tilting : 
nic, the prism ‘causes an increase in the shear intensity which is even more pro- 
1ese nounced in that E. o increases with the tilt. Thus, tilting the base mobilizes 


soil forces which ai are different from those created by the e steepening of the slope | 


/ 


4S', = 450 Lb 


1100 

=1100 Lb 


= 784 Lb per Sq In 


Next, consider a small triangular prism near the the toe of the slope which, 


in the initial state, is held in equilibrium by the stresses Cun Gan Tm Ty, and the — 

body force We 
a The triangle formed with Oy as s the base represents the horizontal force H Par 
Which is equal and opposite to the shear S, between | points X and Din Fig. 14. a 
The vertical (downward) shearing stress 7, at point X is equal to 7. Hence, 
the vertical shear Sy y may be determined. — The weight of the prism is W. The 

prism is drawn to a large scale in Fig. 15 and the stresses and forces. applied. 

The bearing pressuge oz at point X must b be e determined before the principal 
een can be ascertained. This is , done by combining H and S,, and W and — 
into resultants and by combining the two. The final resultant F falls 
‘Closely in | line with Wi W and permits the @ g,-stress at point X to be determined. + 
This stress is not equal to the | pressure s caused by the height XY of the . prism. or 
Y ‘Fig, 16 shows the determination of the principal stresses and their directions — 
by) Mohr’s circle. 
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Discussions 

4 boundary condition for the initial state all stresses must be ze be zero ‘0 along Tine 

let the pressure P be applied uniformly so as to correspond 
to 1 ft of water r column, equal to i in. in the model test as shown in Fig. 15 by 
dashed lines. Clearly, the stress condition along the surface has changed; the 
normal stress is no longer zero, nor is the longitudinal stress necessarily along 

the outside fiber. Combining P with R gives a new resultant R’ which reduces consi 


the s 


the t 


“res esel 


4 


t 

from cohesion. It primarily creates : a pre- -stressed condition, 
. cussed by the writer in connection with the San Gabriel Dam No. 1 of the L 
Angeles County (Calif.) Flood Control District.’ 17 


_ — better simulation o of cohesion than that achieved by using the rubber 
membrane over the outer surface and the part vacuum in the voids of the soil 


17 “Design and Construction of San Gabriel Dam No. 1,” by Paul Baumann, Transactions, 808, 7 


La * =| as OU 
d indefin il mass would 
if the outside pressure P were increased inden lith. idio 
— __ eventually become a solid, and the section could be treated as a monolith. 
this 
aus 
diti 
of t 
_ bee 
“me 
ACC ass forces created by the rotation tlt 
model at various speeds around a center. This would have had 
_ of eliminating outer forces, since the mass (centrifugal) forces d 
r to all the narticelec af the « mac 


TT SCHEBOTARIOFF ON SOIL SLOPE 


- - Another 1 more direct method would have. been the use of soil cement of 
various mixes. _ Actual cohesion and internal friction could then b be determined 
by tests. 
Swedish Circular ‘Are Analysis. appears as if the in the 
safety factor at failure i in the Swedish circular are method of analysis may be 
due to two. principal factors: - (1) The angle of internal friction evidently» was 
considered to be equal to the minimum angle of repose of 33°, whereas, in 
effect, it probably was greater; and (2) the analysis apparently was made on 
the sand models that had been subjected to outside pressure on the rubber — 


as tind by the writer in 1 connection with the soil prism (see ‘Fig. “15). © Ape 
parently, the outside pressure was simply : assumed to increase normal com-— 
ponents along the rupture ‘surface without simultaneously decreasing the tan- 
_ Thus, factor would cause an increase i in the 


‘the two combined might well result in a factor of safety approaching a. 


___ Photoclastic Tests.—It is somewhat difficult to agree as to the “rem arkable 
prvnel neice between the results of the photoelastic tests and those of the 
sand tests, particularly i in view of the fact that the photoeleastic tests do not 
show the formation of the surface of rupture. The shear distribution in the 


gelatin models is quite at variance with the one in the sand models except for 


fact that both show a wave 


dination, Ge author had to make considerable concessions, , particularly it in 
the way of approximations, to avoid terms of hopeless complexities for ana- 
lytical solution. _ This ‘circumstance, no no doubt had much to do with the fact 
that t Karl Terzaghi, M. ASCE., , has defined soil mechanics as a — 
“seience. ce. The mathematical analysis i is nevertheless remarkable, although the 

-Tesults, as shown in Fig. 13, bear little to the cir- 
“cular are or the photoelastic analyses. 
Conclusion.—There is no question i in the writer’s that the author’s 
work will lend itself advantageously for further advance in the knowledge of the : 


lith. idiosyneracies of soil slopes, either natural or artificial, 


Gregory P. M. ASCE. sa__A feature” of 
die this paper is the attempt. ‘to apply the mathematical analysis of stress con- 

“se _ ditions within a soil mass by means of 1 the theory of plasticity. — The results 
ee of the s several methods of investigation, as presented i in the paper, do not — 


an 


ian to > lead to exactly the same conclusions. _ However, such differences as have 
registered are of value since serve to reveal the limitations of some 


tage ee ‘Fig. 3 presents, in clear graphical form, the fact that a surface of failure can a _ 

ally only at some from a rigid boundary after the stra ains 

Received March 27, 1947. 
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TSCHEBOTARIOFF ON ‘SOIL SLOPES "Discussion 


* ‘ing | stile develop within the soil mass beneath the surface of failure i in a soil | 
_ zone which i is s frequently ; assumed as not affecting the location of the surface of 


Fig. 5 5 shows | that the maximum strains occur close to the toe of the slope 


of the sand gr grains. a In this re: respect, these curves appear to be in agreement 
with the general seond of stress distribution represented in Fig. 9, which sum 


— ' 


as determined from the displacements of lampblack lines caused by motions 
of 

;  marizes the results of the photoelastic studies. There again the greatest stress 
- concentration is shown to occur at the toe of the slope. It seems to the writer 


a 


Pa that this i is a direct ooengnery of the presence of the rigid b boundary ba, 


patterns ‘shown i in Fi igs. 3. 9(a) and the of the base 
did not noticeably reduce the stress concentration at the toe of the slope, and 
“even appears to have increased it somewhat. — _ In both cases (as stated byt the 
- author in Part II , section 2), the stress concentration at the toe of the slope must 
a r _ have been strongly influenced by the separation of the gelatin from the rear ver- 
tical face BC of the flume (see Fig. 8) which ae the development of 


ox _ When tasling with natural slopes in the field, one usually encounters con- 
ar both in the ver tical and in the horizontal directions. . It is doubtful that stress 
concentrations of al an similar | to the one shown i in is. 9 could oc occur 


‘the influence of these boundary conditions on the redistribution of stresses 


Ba. § vig within ‘the soil mass, and on the location of the surface of failure. a 


ae) Correction: In January, 1947, ‘Proceedings, p p. 25, lines 10 and and 1, change —— of the } slope” to 
“middle of the sliding curve.’ 
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Discussion 


BY ARTHUR F. JOHNSON, H. cena 


JOHNSON, M. ASCE. ingenious method of esti- 

7 mating average crop yields from the relation of such yields to available heat | a 
ind day degrees Fahrenheit us using the method for computing available heat 
presented by Robert L. Lowry, Jr., M. ASCE, and the writer? is suggested by * 
the author. The method will be useful for reconnaissance studies where data 
; ‘on crop yields under irrigation are not ‘readily a It is not sufficiently 
“reliable to serve as a close criterion of project feasibility. As the author wisely a 

states, the method is more limited in estimating productivity than in — 

"mating co! consumptive use of water due to the greater number of factors con- : 
tributing to the variability of the results, 
poaaee _ The author has confined his treatment to individual cro crops but has related 7 
a --yields: to o the average : available heat rather than to individual effective heat / 
ope” to ban for each crop as suggested by c. R. Hedke,’ M M. ASCE. _ Somewhat - 4 


more reliable results might be expected by developing curves using 


propriate temperature bases for each crop. 


-_ in yield beyond optimum heat conditions i is characteristic of most crops. i 

_ Alfalfa grows continuously where e temperatures « do not drop below freezing — 

4 _ but in the Imperial Valley (California) and in other areas of extremely high 

ms - sustained summer temperatures its its growth is inhibited during the hottest part 
of the season and it ; becomes almost dormant. — The growing season for pota- 
toes, on the other hand, is comparatively short and ‘it is actually possible to 


fo two crops in a single year although this ; would not be an acceptable > 


ae Nors.—This paper by the late W. C. Muldrow was published in February, 1947, Proceedings. 
ae * Acting Chf., Div. of Eng. and Surveys, Branch of Project Planning, Bureau of omen Wash- 


*“Consumptive Use of Water for Agriculture," te Robert L. Jr., and F. 


‘Cons ” 
(unpubl of Water by Crops, by o. &. New Mexico Engr.’ Office July, 
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practice ‘because of the drain on soil fertility. and risk of fostering potato 
diseases. It i is presumed that the potato curve in n Fig. =e applies to a single 
‘pater so that materially higher total yields might be expected if repeated 
_ crops in the same year were incl included where climatic conditions permit. “J Never. 
2 ‘theless, as as the limit of tolerance to heat is approached, yields may be expected 
to fall off to a negligible amount. 


Sasshaee In Fig. 1, the curve ‘ “Consumptive Use per Ton of Alfalfa” ' was evidently 


ved by dividing ¥ values on the ‘““Consumptive Use Curve— Welling Average” 

by corresponding points on 1 the : alfalfa yield curve. This procedure is” not 
proper because the curve of average V valley consumptive 1 use represents a com- 
= posite | of consumptive | use requirements for crop distributions typical of each 
heat condition. — ~The’ percentage of alfalfa is not the same throughout the § latic 
‘range of the | ‘consumptive use curve but rises from zero in frosty mountain wat 
7 meadows to a maximum i and then drops with i increasing heat. Ie The percentage ager 
oof alfalfa is high for the Snake River Valley (Idaho) but is relatively low for jp heat 
‘Valley ow. Mexico) cotton is” “Tking.’ Therefore, the actr 
with 

ain use of aie onl the error increases in some degree with i increas- J Pro 
ing | heat as alfalfa i is a relatively higher consumer of water than the average B val 


distribution which the Lowry- Johnson curve 7 


Van I Loo, Tox. ASCES 


‘estimating the icine of he on a proposed project may provide a very 

8 satisfactory system of forecasting the returns to any proposed development. 

_ However, the relatively low yield of alfalfa in the Imperial Valley (California), 
about which the late Mr. Muldrow ex- 
pr surpri be entirely 

“FOR | CoacHELLA VALLEY, _ Although the writer does not propose 
to question the total yield of alfalfa 
shown for ‘Imperial Valley, there may 

Acreage Tet | viel Unit have been some misinterpretation of con- 

— — ditions. In a region such as Imperial 
alley where alfalfa i is used on consider- 
acreage for rejuvenation of the soil, 
_ the total yield cannot be divided by the 
total acreage under cultivation, since the 

= total acreage always producing 
alfalfa during an entire year. A second 
factor that may have affected the results is that a 2 considerable . part of wal 
total acreage is used for pasturing various kinds of livestock. For instance, ; 


1,276 


ating waking ed ad 


1,600 


= 


‘range cattle may be purchased in Arizona, shipped to ‘Imperial Valley, 


fattened on on alfalfa. More than likely : the a acreage used for | pasturing has been 

oF included i in the ‘total acreage since some cutting of alfalfa is usually 1 made, but 
correction has been made for the decreased cuttings of alfalfa. 


: 
: 
— 
: 
a 
q 
— pr 
¥ 
al 
— 
| 
— 
— 


As supporting data for the contention that some e error has been made, | 


‘Table 1 shows the yield of alfalfa for near-by Coachella Valley which is about 


sixty miles north of Imperial Valley and has nearly it identical weather conditions. 7 


lever- ok The av average yield of 6.1 tons of alfalfa per acre for Coachella Valley is 
ected JF about twice as high as the 2. 99 tons shown for Imperial Valley. Possibly, — 
= the light sandy soils which predominate i in Coachella Valley plus the generally 
lently -well- -drained farm lands would account for some of the difference. _ Whatever 
rage” the reason for the discrepancy, it is is suggested that further examination be made 


S not of the yield of crops g grown in the w warmer sections of the United States. 


“each H. Nosus,? M. ASCE ofa re- 
t the “ation i is set forth admirably in this paper. . _ Perhaps the popular concept that 


intain 
ntage 
w for 
the 
1es of 
creas- 


water makes the crop should give way to a concept of heat as the productive — , 2 7 
“agent, commensurate | water adjunct. The author’s demonstrated 
heat-productivity relation is one of a succession 1 of relations | applying to the 4 
actual problem of economic feasibility, namely: (1) Water requirement. varies 

with heat, (2) crop production varies with heat, (3) crop value varies with . 
ropentpyok with heat, and (4) economic feasibility is a function of crop aa 


value, hence a function of heat. If procedure toward item (4) is necessarily - 4 
by way of item (2), the methods of finding the (2) relation should be vn 


for p possible improvement and 


od of nee appear to be based on the 1940 Sec that i is, on 1939 crops, and (pre- 
has sumably) 1939 seasonal heat. Since feasibility x rests on a balance 
ment. average annual costs versus “average net returns, ratios of average yield to 7 
average seasonal heat are required. oa _A compilation of average heat-yield re- 


rnia), 
lations for the commonly irrigated crops, with probable deviations from such _ 
averages, and a 1 recording | of the most favorable heat range for each crop, would a 
be a valuable addition to engineering statistics. it could be based on the 
United States Weather Bureau value for normal mean monthly temperatures — 
above 32° F, and the annual reports of crop yields and values on United ae 
Bureau of Reclamation p ‘projects, s so far as they | have been published. These 
‘crop reports cover existing projects in a block of fifteen states extending | east- _ 
Ward from the Pacific coast to include North Dakota, South Dakota, Nebraska, _ = 
Colorado, Mexico, and Texas on the east. Deductions from so great 
Tange of data should be of f general application in any part of the United States < - 
where irrigation be “practiced or proposed. is true whether the 
“proposal i is purely for irrigation a multiple-purpose project ct with irrigation 
one of a number of interests. 
A ‘The widely accepted Lowry-Johnson system of heat units, in day degrees — 
of m: maximum temperatures al above 32° F, has quite naturally been used by the 
- author. _ This system was evolved for solving the heat versus consumptive-use- 
- of-water relation, closely akin to evaporation. For this purpose, use of the max- 
imum « daily temperature was found to give : a closer correlation than was found 
with average daily temperature. Unless: a similarly ‘superior correlation 
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found for the heat _ versus productivity relation by use of the ma: maximum n tem- <i 
3 it would appear a a simpler and “more practical procedure to 


~ annual summaries, ‘and to arrive directly : at the normal seasonal heat in aa 
this case, the productivity season would terminate with 
Since heat determines yield, and yield determines crop acre, 
should there not be a definite heat versus value-per-acre | relation? Increased 


heat. means larger « crops, or a greater r number o of crops per ‘season m, or higher | r 
3 aa value crops, all of which mean more dollars per acre, for more heat per acre. 
Project i income is a composite income from a diversity of crops 3 whose seasonal § . 
= heat ranges include the seasonal heat of the particular project. “Must the 
"engineer determine probable yield and price for for each crop, , then assume some 
5 _im of crop diversity, and so estimate the composite crop value? e Or does : 
determine the diversity largely | through the available heat? 


5 s heat versus crop-value graph be drawn that will give the desired preliminary 
—_ of farm income? The writer’s study of Bureau of Reclamation crop tr q 
- statistics for the decade from 1921 to 1930, inclusive (the most stable decade 


reclamation history as to commodity prices and construction costs), in- forn 
dicates that such a relation may be definitely charted, with correlations that ‘ois 
favorably compare with those for the heat-productivity, relation. so, “such 


ee a chart or graph should be a logical sequence to the main argument of the paper. bea 
For its application, the general price structure would need to be projected for- 
la ward to the years of construction and operation of the project under consider- a 
i ation; but this must be done whether prices are to be applied item by item, cr & . , 
ce This discussion is intended to imply acceptance and appreciation of the 
_ paper, and a desire to's see the idea extended and put : into most usable forms. [ flar 
Whatever the form in which it is expressed, the author's s well-worded caution [thi 
against undue reliance on the average ratios found will be applicable. . The Th 
_ individual irrigator may not safely a assume anal his ow own farm will live 1 up (or he 


‘assume: that his own project will be an 1 average one. _ That oni he must dete deter 
mine by more particular investigation. 
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STRENGTH OF. BEAMS AS” DETERMINED 


Discussion * 


 BYH. BRAMELD 


GQ BRAMELD, Esa. excellent case is made for 
formulas for critical and working buckling stresses, in so far as rolled steel 
joists are concerned. Unfortunately, agreement with the fundamental -equa- 
tion (Eq. 4) is not good i in the case of plate girders with thin flanges. Startling 5 5 oh 
results were obtained when the ‘oe were applied to the girders of a bridge — e 


— _ The girders vary in depth a 86 in. to 170 in. and are braced latera ly at 7 


“ 


intervals of 22 ft. Their properties are as follows: __ 


Case I. —Depth: 86 in. Make-up: Two flange ange plates, 18 in. by 3 in. + dome - 


flange angles, 8 in. by 8 in. by § in.; and one web plate, 84 in. by 3 in. ” Fo 


this section, ST, = 818 in.4; I, = 108, 000 i in.‘; and the torsion constant = 26. 6. 


The esuivalent thickness of ‘the ¢ compression flan flange i is found to be 0. 84 
4 - From Eq. 7, 1, 400 Ib per in, How- 


bt 18 x 0.84 


ever, by extrapolation of k in Table 1, with a = 0. 806 = 380 in., and 

ks 2.9, Eq. 86? 380 4 

29, Eq. 4 yields = 900 x 29,000 000 x om 


by per sq in., or just five times the | approximate result. ie : 


Case IT —Depth: 170 in. up: One web plate, 168 in. by 3 j in., with 


the same as in case I. Eq. f= +6, 750 lb per er 8q in. and, by Eq. 


Note.—This paper by Karl de Vries was published ip September, 1946, Proceedings. Discussion on 
a Fe, paper has appeared in Proceedings, as follows: December, 1946, by George Winter, and David B. a A 
. atte 1947, by Theodore R. Higgins; March, 1947, by Neil Van Eenam; and am, 1947, by H. 


' Designing Engr., Bridge Board, ‘Brisbane, Queensland, Australia. ay. 
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USSIONS 


86 in. -Make- -up flange plates, 18. in. by 3 in 

4 po flange angles, 8 in. by 8 in. n. by § in.; and one web plate, 84 in. by 3 in, 
By Kq. 7, f= = 21 ,000 lb per sq in. and, — Kq. 4f= = 90, 000 lb per sq in, 
Case IV 'V.—Depth: 170 in. _ Make- “up: One web plate, 168 i in. by 3 in. , with 


same as in case III. Eq. 10,700 lb per sq in. and, by Eq. 4, 

These girder flanges when treated as struts were found to have a safe stress 


4 ween 16,000 lb per sq in. and a, 000 lb per sq j in. , consistent with a an intrinsic 
eccentricity of 0.45 in. and an extreme fiber stress of 20,000 lb per sq in. Iti is 
_ apparent, therefore, that the equation for safe working s' stresses cannot reason- 
= be Pree to deep = girders and that. this fact should be noted in 
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_ RELIEF WELLS FOR DAMS AND LEVEES 


BYRE 
AND S. J. JOHNSON 
os 


7? 


REGINALD p A. Barron,” Jun. ASCE. Practical and theoretical ‘require: 


"ments for the design of relief wells have been 1 presented in this paper. Of : 
“necessity ‘both these requirements ‘must be considered in a 


‘The y writer has obtained a mathematical solution for this case that meets _ 
the boundary conditions as shown it in Fig. 2206). . The a: head hey 


‘measured fr om a datum: plane i is a 


in w hich 


wr —This paper by T. A. Middlebrooks and William H. Jervis was published in June, 1946, rol _ 
eedings. Discussion on this paper has appeared in Proceedings, as follows: October, 1946, by Henry C. a 

_patksdale, Willard J. Turnbull, and Glennon Gilboy; December, 1946, by W. A. Wall and C. A. Stone; 
-— Tehnecx 1947, by John R. Charles, Horace A. Johnson, P. C. Rutledge, H. H. Roberts and Carter Vv. 
ohnson, Frank I. Fahlquist, and Harry R. Cedergren; and February, 1947, by John 8S. McNown. car 4,” 
‘. ” Engr., Embankment and Foundation Branch, U. S .Waterways Experiment Station, Corps of Engrs., : 
Received March 24, 1947 
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1G. 22.—StneteE WELL AND INFINITE LINE oF Equatiy Spacep WELLS 


Case OF BLANKET WITH Finite 


the head ai acting on the Ww is 
The head above the well discharge midw ay een wells is hy — OF 
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‘these two values, Fim i is expressed as: 


in which n takes on all integral values _—— and +e i) re zero. 


| The head hy — hm m may then be written as 


is the quantity within the braces “ me. 


Tw 


Values of 


10 bad. 03 04 
% 
23.—CURVE FOR THE or Ea. 39 


39, 40, and Land the quantity 


2, 24, 25. For+ = = the within the summation signs of Eqs. 36, 


41, 44 are Zero forn = 0 and the case reduces to that of a single 


| 
— 


cosh (n — 2) — 1 
Of andg may be determined by use of Eqs — 
he-determined by of Bigs. and 40 


BARRON “oN RELIEF We ELLS Discussions 


The average g eaten to the well for the case of equal pool and tailwater 


may be approximated as as follows equating t the well flow to toa 


+ \a 


WwW 


0 


Va 


N Eq. 41 AND 


a L’ 


7 The ee effective head for the slot slot i: is 


Seg 
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pool and tailwater are not at the same elevation: _ 


is readily apparent tha that the well, I discharge and | the uplift 


“has an effect on n well discharge observed at the Dam relief 
wells, An example is shown | in Fig. 26. The payeenl data are given. in 
-Tailwater 
Range 


205 
,=5000 Ft 


PHYSICAL DATA 


_™ 26(a) and the result in Fig. 26(6). As should be expected, 

; “sure furnished by the tailwater outlet reduces both the well pte and the 

: uplift pressure midway between wells as compared with those obtained by using ak 

i and 13. the value of L becomes smaller these differences become 
— Tt is thus apparent that, for a project having excessive foundation ) 
‘seepage pressures and also a dow nstream outlet, the effectiveness ‘of relief 
Bi Wells should be determined as outlined i in this _ discussion rather than by the 


given by the authors. 


PRESTON | Benner,” Mz. -ASCE."*—This study of pressure relief is 
‘admirably balanced between a general discussion of basic principles: — . 
: and the specific analytical methods that may be ‘used in the application ¢ of these 
‘Principles to the design of an installation. 
With regard to the uncer tainties concerning the boundaries of flow, perme 


= coefficients s, and the ‘effects of | anisotropic permeability, it is ‘believed 


that extensive field investigations of these factors may or may n not be justifiable, | 
bo on the type of installation. If the wells are to be installed at the — 
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ater whereas the gradient from the tailwater is af. 
— 
aa 
and 
— 
— 
— 
We 
— 
». 45 
— 
3 
(48) — 
(49) 
| 


— toe of a dam, flexibility of the system can be insured by placing them in an 
location, and by omitting any elaborate collection s system with a 
fixed discharge capacity. As the authors: have stated i in the paper, any de. 
"ficiency in the original installation can be remedied by the addition of more 


aa : wells when, and if, actual — shows it to be necessary. —_— ite 


considered in connection with a levee unless the levee protected highly de- 
veloped urban or industrial areas, where « discharge of the well flow on the land- 
side surface would not be permissible. In such a situation, design of ‘the 


pressure-relief system involves the determination of the required ¢: capacity of 
the collection and disposal system, and the cost of these facilities may justify 


fairly expensive field studies. 


~Proposed Line of Wells 
Proposed Levee Raise 
/Present Ground Surface 
Adopted f to Source” Dredged Sand Fill 
Design Gradient fF Original Ground Surface” 
River Side of Wells Maximum Permissible 
Pressure Behind Levee 


Estimated Gradiert 
Behind Line of Wells 
Sand, 90 Ft Deep Coarser with Depth. to Deeper Tubes 
Average Permeability 0.007 Ft per Sec ~ Piezometer Openings 


Y Wy Top Stratum G ] 


Fig. 27.—Sgcrion tHrovues Farrrax aT Kansas Crry, KAans., aT PIBZOMETER INSTALLATION 
Two types of field investigations are suggested. — ‘First, to determine ap 
"proximately the boundaries of flow, liberal use ) may be made of piezometers- 
installed i in the pervious: us substratum. Interpretation « of piezometer observir_ 
tions is ‘complicated because. ordinarily they y reflect nonsteady s states of flow re 
sulting from fluctuations of river stage. _ However, ‘if the period of ‘observ 
Ps fi tions includes several stages of sufficient height and duration to fill or neatly. 
Bits: fill underground storage, the field observations can be of great direct value in 
«Fig. 27 indicates how the effective distance to the source of flow 
may be determined by | piezometer observations. shows data obtained by 
an installation 1 at Kansas City, Kans., behind a levee | constructed by the 
Corps of Engineers. The general relationship between the foundation pressure 
" Mee i gradient, the rate of rise of the river, and the duration of the high stage m may 


_also be studied Ll by use of observed data | of the type s shown in Fig. 27. — 


= 


: a For a fairly accurate estimate of foundation permeabilities, deep well pump 
ing tests are considered indispensable. They furnish directly the information 
eeded i in design, which is the quantity of water: that will move ‘through the 


ntire foundation depth under a given gradient. ed Existing w ater-supply W wel: 
may b be ‘svailable for this 8 purpose, or it may be necessary to install wells a8 
= 
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— It is also suggested that well pumping tests afierd the only means of evalu- a a 
f more ating the factor of partial penetration ina stratified formation. The authors : = 
— have shown, by model tests with an isotropic medium, that the percentage of 
red for penetration is more. important than well size | or spacing. In: an actual founda. 


al well # tion, penetration undoubtedly i is of even "greater importance, but it cannot be R. qj 
liom be. measured solely in terms of screen length versus sand depth, without reference _ a) 
ily de- to the comparative water-bearing capacities of the si strata penetrated + - 
eland- series of | pumping tests at one location, in which the penetration of the screen 


of the § is varied by successively filling and plugging off lower sections, will give directly 
city of a correction factor for penetration which can be applied to full penetration 
justify formulas. ‘The : applicability of this factor » to other locations would of course 
“be ‘questionable, a and should be checked by borings throughout the proposed ~ 
system for comparison of the degree of stratification at various points. 
Considering the e difficulty in flow boundaries and perme- 
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¢ 
B 
6 
oO 
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| 
cr 
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urf | r accurate ‘constants in n design it may seem inappropriate to suggest 
modifications to the analyses" presented. Certainly no greater numerical ac- 
curacy will be obtained. ~ However, further discussion of theoretical design 
- methods is not inconsistent with the authors’ presentation of theory as an aid 
“| to judgment in arriving at a reasonable solution for an actual problem. i 


ty 


The writer has had frequent occasion during the past five years to nie 
“the authors’ methods to studies of proposed ° well installations for levees at 
a ‘Several locations on the Missouri River, and to compare theoretical with actual 
the installation at Fort Peck Dam in 


LLATION | 


periment Station (Vicksburg, Miss.). The is, in most cases, of 


ne ap- ‘minor importance in its effect on numerical results of design computation; but: 
meters itis fundamental in so far as it concerns the relation between the wells (or any 
pserva _ other deep drainage system) and the over-all flow pattern in the foundation. _ 
low re- Since the deviation of the modified formula has been published elsewhere, % 


bservar - thi discussion will be concerned principally \ with its more g general aspects. 
# The only basic difference between the writer’s analysis and that of Messrs. 
Middlebrooks and | Jervis i is. that a regional flow landward from the well system 
f a ‘is introduced. _ Perhaps the omission of this flow from the « early studies w was 
ned by & due to the use of models as shown in Fig. 5, which had an impervious bulkhead — 
by the a short distance landward from the wells, In an: actual installation, the pres- 


_ sure I head in the region of the wells that causes them to flow oe 


may cause a landward flo flow Ww aw! ay from th the wells. flow may or may not 

ane be important in any gi given case, but should be included in any general theo- ee 


ar To simplify the discussion, & very simple model with definite dimensions: 


be substituted for the actual problem. Fig. 28 represents such a model, 


Undenesian€ on the Design of Relief Wells,”’ by P. . Bennett, Rept. on n Confer nee 1 
Un U. 8. Station, Miss., April 1, 1945. 
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1 in a M_part of the test. In the latter case, the test can be used to evaluate the per- oe 
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shows, the notation used in this discussion, it represents pervious 
_ medium o of depth Z and length Lo, covered by an impervious | layer which has 


a a few ope “openings filled with per vious material. 7 These ¢ openings in the model 
‘Tepresent places in the prototype where inflow or outflow from the pervious 


sand i is relatively « easy, as , for r example, in borrow pits which partly expose the | 


sand. They may also” seepage through surface blanket of 
meability. In th this case the foundation pressure profile would become | a 
L— 


"| Substratum Pressure re 


Gradients 


ZZ 


(a) SIMPLIFIED MODEL SECTION 


FOUNDATION PRESSURE PROFILES 
7h -28.—Simpuirrep Mopen Section (a), wirH FouNDATION PRESSURE PROFILES 


smooth | curve theoretically, can be ‘determined Water 
flows through » this system - from the reservoir head, fas on the left to tailwater 
head, he, on the right. - If both headwater and tailwater are below the top of 
the i impervious cover, the effective length of the path ¢ of flow » is Lo, and the 
"pressure gradient is the straight line - connecting hy and he on the diagram. 
Assume that the headwater i is raised to > hs, covering the i > impervious top s stratum 
and causing inflow into the pervious lower stratum through the small openings. 
| ‘The pressure gradient i is now broken, becoming steeper below each opening in 
- proportion to the amount of seepage admitted. _ At this stage, the effective 
at upstream length of the flow path could be itieonined by measuring the “ 
sure gradient at the toe with several piezometers and dividing the head (h; — hs) 


2 “The Effect of Blankets on Seepage through Pervious Foundations,” by Preston T. Bennett, ai 
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the observed Sucha procedure would be identical with tha t shown 
by Fig. 27 for an actual piezometer installation. 


space b below in the underground storage in endl 
prototype. 


storage is s exhausted, the ‘effective land- side length of the model is is ‘established 
as Le. Dimensions corresponding to L; and Lz of the model have been estab- a 
lished. by piezometric observations at Fort Peck Dam, and have been used f for _ 
fairly accurate predictions of relief well performance for all combinations sof 
_headwater and tailwater.** In a levee, where the “tailwater” elevation can- 
not be definitely established, and where filling of underground storage eigen 
"driving o out compressible « air from the foundation, the writer knows of no case 
_ where L, has has | been s satisfactorily determined by piezometer 0 observations. F ield 
"observations show a variation in Le, just as it varies in the model, Fig. 28, be- - 
fore a . steady state is established. In the absence of observational data, the a 
distance Le may be estimated roughly from theoretical blanket formulas. 
After the equivalent: paths of flow upstream and downstream from the | pro-— 
posed line of wells have been determined, the basic over-all flow patterns, = 
‘without. drainage relief , may be ‘represented very simply by the e foundation 
pressure profile, ABC of Fig. 28(6). Referring to the simplified model, and - 


not the prototype, let it now be supposed that a narrow, , fully penetrating slot 
_ is introduced into the p pervious medium at point B, and that water is | allowed — 
to flow out of the slot through a standpipe with a vustahe discharge elevation : 
represented i in Fig. 28 by D. Assuming no head loss in the slot or standpipe, 
the former profile ABC is broken into two tangents AD and DC whose slopes, _ 


82, are to the flows “approaching ane the 


‘These ¢ equations represent the performance of a hypothetical perfect drain, 


- where no loss of head within the drain is involved. 7 Any type of actual drain ~ 


tees smaller than the sectional ai area a of the pervious stratum. ‘This loss of ‘ear 
is represented by H, in Fig. 28(b). Suppose that the model flume, Fig. 28(a), 
is provided ed either with a vertical well or a horizontal drain as indicated by the 
dotted lines, and that the discharge ¢ elevation of the drain outlet is lowered to. 
b- elevation E’ (Fig. 28(6)) at which the drain discharge is equal to the open 
- discharge given in Eqs. 53. The total friction loss in the system is Hy, 


head at the drain within the stratum is at elevation E. 


sol the model flume, and at from the drain. ‘Such 


_ “Pressure Relief Wells at Fort Peck Dam,’ F. B. Slichter, on on of 
Underseepage, U.S. 


ous 
hes | 
1as 
»del 
ious 
the 
low 
le a 
ia — 
4 
or, in terms of the pressure reducti od pee 
53) | 
i 
a 
rater 
ings. 
ng 
ctive 
pres 
— 
a 


"BENNETT oN RELIEF WELLS 


line would be between vertical wells, or the ba bottom of the stratum 
if a horizontal drain were used. ¥ The profile AEC similarly Tepresents horizontal 


Ra region of influence of the wells (which from well formulas is not. very extensive) 
= flow is evenly distributed and the pressure profiles AD’C and AEC coincide | 
with ADC for most of their "length. , Near the drain, water moves s laterally 
ae from the most remote path: to the path through the drain, flattening the pro- 
file AD’C and making AEC steeper. _ Between the extremes AD’C and AEC 
_ there are an infinite number of intermediate horizontal flow gradients, but at 

any plane from the drain the total horizontal flow is: 
— 

ee 7 i and, consequently, the average horizontal gradient over the entire area of flow 


‘Temains 81. average horizontal gradient at any point 


section through the drain is at D, exactly equal t to the head in a fully ictal 


ing open slot discharging a1 aD equal quantity inl a 
This statement may seem so obvious that the foregoing is un 
necessary, but a basic idea can be used to ‘simplify we de- 


(a) Establish the permissible subsurface pressure, using the “criteria 


given by the authors. If any field comparisons of subsurface with 
thes actual occurrence ‘of boils is available, s such data should also be used. “ae 
(b) Estimate Li and or and using actual field observations: if 
* * possible, by the general methods mentioned earlier in the discussion. a 
oa TY ual (c) Estimate the coefficient of transmissibility (Z k,) as closely as possible, 
. - preferably using the Thiem tests if the cost of collection and disposal of the 
hee drain discharge i is an important factor in the problem. 7 ~ At this: stage, without 
- going into final details of the type of drain to be used, the pressure relief H, 
and the total drainage discharge Qa can be determined, establishing the general 


— the pervious stratum i is deep and has | the spomury degree of of stratification, 
. ae wells. appear to be the best type of drain. A horizontal drain may: 
prove to be more economical if the pervious stratum is thin and homogeneous. 
In either case, well formulas similar to those given by the authors can be used. 
ai From Morris Muskat’s** basic solution of multiple-well problems, it has 
shown that the head loss can be expressed as: 
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stage cation and grade of the collection system will establish the ou 
@) The location and grade , and the last step of the design pre 
 <Sevations I slong the drainage system, and the | etration which wil 
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in which h 


that Eqs. 53 and 55 are are to Eq. 13 when = 0. 
oh special case of no flow past wend wells, the -_ difference involved is that 


value, whereas the writer suggests ‘that the a rae peanen in the plane of the 
wells be used . For ~~ penetrating wells, the difference between maximum 


and average pressures, D’-D (Fig. 28(6)), is 


2_ 

= a(s,; — $2) 


‘The difference between | average and maximum pressures is ordinarily s so small 
_ that either may be used in determining allowable substratum pressures. — - ‘The 
 writer’s preference for the e average value i is based solely on the fact that it is 
the “PI” of the tangent gradients s; and s2 which fix the relationship between 
drains and the remaining parts of the flow system. 


Sah - For homogeneous strata, the factor P \ can be determined from the exy experi- 
“mental data’ given by the authors. . For stratified foundations, it should be 
_ determined | by ! field tests: in which the penetration is actually varied within the © 


¥ limits being ¢ considered. _ In the latter case, the factor would t be: | 


as) well drawdown for partial penetration, eten ge Qe 
well dra drawdown for full penetration, discharge 
Re 28 suggests 2 a method for defining t the efficiency of a deep drainage > system, 
If the system is designed so that the friction losses (H ya are re negligible, as recom-— 
_ ‘mended by the authors, the head E can be lowered to the tailwater elevation C. 
¥ In this case, the efficiency of the system may be defined i in terms of the ratio. 


head reduction to. the without ‘drainage. It ¢ can be. shown 


pee 


— 


_pervious stratum by transposing vertical and horizontal di dimensions i in the non x 
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sive) and Pisa well penetration factor. 
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_ of the wells, and considering the horizontal drain to have half the discharge 


_ capacity of wells spaced a a distance of 2 Z . Hf, as usually happens, the stratum 
is anisotropic, the equivalent well spacing used should be transformed to ; 


2 Z Vks/ke, and the - corresponding p permeability Vk ke should d be used in com- 
puting the of flow. 


- 


GES 


Spacing, a, in Feet 


| 


Ratio “Te 


PENETRATION Factor P Is KNown 


Eqs. 53 & are directly applicable to drainage systems in which a continuous 3 


‘deep drainage zone might be used instead of vertical wells. | it should be 
possible, by model studies or by analytic 1 methods, | to evaluate a factor for this 
_ type. of drain which would be analagous to F P in Eqs. 60, thus permitting 4 


omparison in the efficiency of the two types. 


It! has been proposed to construct continuous deep drainage zones by ex- 


ns 


¢ 


cavation and backfill with highly pervious material, or by increasing the per = 

" meability of the sand by jetting. _ ‘The 1 writer has no knowledge on which to P 
it 

base” any definite conclusion as to the @ practicability of materially increasing i 
6 the permeability of the drainage zone. - It would appear, however, that wash- JR _ 
‘4 ing out any considerable part of the fines would be a very costly and dificult a ‘ 
“operation. If the jetting should succeed in breaking up the stratification >. t 
without ee the fines, the maximum possible value of ka would be the : 8 
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‘mean permeability of the « materials, or 


K4 (max) = vin key 


Even if a considerable volume of fines Ww ere removed, as would be necessary 


make kg greater than: kp, it is difficult to imagine a treatment that would 
make } ka equal to ky. It appears that the drainage zone would still be aniso- 
“tropic, w ith a horizontal permeability 4 ‘mn less than Kh, and a vertical perme- 

ability ka» greater than ky. it is conceded that some flow landward fre from the 
“drain always occurs in the prototy] pe, and thereby | gives some natural pr pressure 

- relief, the possible decrease from k, to ka, within the drainage zone would form — 


a to flow | across the drain, therefore would 


[ 


Mie. 30.— —ComParative F w Nets F FOR Dam or Lever oN ‘Pervious FouNDATION Ww 


(a) Natural Section 


Por the possible « case 
may be estimated by a net Fig. 30 a 
or levee on a pervious foundation in which ky = = ‘The lines m-m 
and n-n represent limits of a potential drainage zone. . If Fig. . 30(b), all hori- a 
-tontal dimensions have been reduced in the ratio yk ol kn =3 , anda flow 


- sketched in. This net has been replotted i in Fig. 30(a) as en n by the solid 
equipotential lines, representing conditions without the drain. Foundation 
_ pressures in the region of the proposed drain : appear to range from 35% to 387% _ 
the total head. the permeability « of the drainage zone were altered 
ky the transformation in in Fig. 30(6) would be accomplished by reducing al all 
z distances to the left of m-m ai | to the right. of n- n, but leaving the interval | 
4 betw veen unchanged in scale, as shown by the line n’-n’ in the figure. ae 
% ~ posing the net back to the undistorted section gives | the modified flow | net 
: ~ indicated by dotted lines wherever it differs from the e original ._ The press pressure 
in the distur bed zone now appears to be from 30% to 36% of 2, and the effi- 


cleney as previously W vould be about 15%. Actually, some additional 


f 
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he. % op stratum resistance, but the relief due to jetting alone is fairly we ee 


ne Mansur,® Jun. ASCE.*=—The of the control of 


substratum | pressures and seepage beneath hydraulic structures on pervious 
foundations, as outlined by the authors, | cannot b be overemphasized. 


» 


“hydrostatic pressures. In addition to the use 2 of pressure-relief wells « on ~ 
land side of levees and dams as discussed in the paper, wells may also be cS 
to > provide pressure Telief a and drainage be beneath other _types | of structures on 


Ifa well is to operate efficiently as a = 
substratum pressures, it must be designed to: (a) Offer little resistance to the 
_ flow of water into and out of the well; (6) prevent infiltration of sand into the | 
es well after initial pumping; (c) resist the ¢ deteriorative action of the he water ad 


soil; and (d) withstand the earth pressure. 
ao “a The material for the screen and riser pipe is a special item, which should | 


vis be selected for each installation. Some of the factors that must be considered 
in the selection of a material are: (1) -Corrosiveness of the soil and water; (2) 
Sees of the wells—whether in intermittent or continuous; (3) 
method of installation; (4) § size and depth « of well; (5) | durability under water 
ae and alternate wetting and drying; (6) crushing strength ; and (7) types of joints | 
| a for joining the various sections. If practicable, all joints ; should be flush and 
= smooth with the outside diameter | of the | pipe. A variety of materials which | 
be used as drainage wells are: Brass, wrought iron, aluminum, ‘cast ‘iron, 
= “galvanized i iron, ‘plastic, cement asbestos, bituminous fiber, concrete, clay tile, 
porous concrete, and wood. None | of these materials should be used without 
‘first ascertaining whether they will withstand the corrosive action of the soil — 
water in which they will be placed. General. experience has indicated 
that certain materials, such | aS brass, Stainless steel, cast i iron, and ‘special 1 metal — 
alloys, , clay tile, an and wood, are'to be preferred for drainage wells. a ai me 
. wells, including screen, riser, and discharge pipe, should have an inside 


- diameter which will permit maximum design : flow without ah head loss (friction — 

es and velocity) of more than } ft to 1 ft of water, depending on the residual pres- 
sure permissible i in the design. " In no instance should the inside diameter be | 
than 2.5 in. From hydraulic considerations the screen section of wells up up 
to 6 in. in diameter should have at least twenty-five holes or ten slots with an 

_ open area of at least 3 sq in. to 6: 6 sq in. - per lin ft of screen. For design purposes 
ia it is the writer’s belief, based on test data, that the screen openings should be | 
reir equal to, or less than, t the ‘10% size of the | foundation sand or filter gravel. és 


= joints in the screen and riser sections of the well should be designed and 
constructed, where practicable, in such a manner that they will support the 
Weight of the pipe as it is lowered into the hole. When not practicable t to con- 
A struct the nnsedh in this manner, the riser should be supported, , while = 
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-MANSUR WELLS 


lowered into the casing, | wri will i that the joints will 
not open up. % Where the ‘Sereen a and riser pipe consists of f numerous loose joints: ne 
(as, for example, with 1 clay or ¢ concrete pipe) the top and bottom of the well 
should be joined with a brass or wrought-iron rod to eliminate or minimize the 
opening of any of the joints. joints should have an overlap of atleast in., 
and should be coated with a good quality asphaltic roofing cement or equivalent — 
plastic, 
; Experience indicates that wooden pipe is one of the best materials for pres- 
-sure- -relief wells, providing the screen and riser pipe are submerged real 
‘The screen of wooden wells may be perforated either with circular holes or 
‘slots. 7 It is desirable that circular holes be seared smooth with a hot iron prior 
to installation. _ Wooden pipe may be slotted with a small circular saw. Vari- a 
ous W idths of slot may be obtained by using one or more circular saw blades. 
_ Where metal pipes are used for relief wells, all parts of the screen, riser 
pipe, and discharge - should be of the same kind of metal to minimize corro- 
sion by electrolysis. The results of field and laboratory tests indicate relatively i" 


little in the discharge efficiency of hy well ‘screens 8 of the di- 


— 


well screens, "showed well- losses of about 0.2 ft to 0. 5 
‘ft of water fora discharge of 5 gal per n min per lin ft of well screen. * A uniform, 
fine foundation sand was used in these tests. 


Where filter gravels are to be placed “around the s screen part of the well, 


"gravel. _ Gravel filters around a perforated screen pipe : should have a thickness 
of at least 4 in., measured radially from the outer circumference of the aa ‘i. 
--The filter material should be a washed gravel or a crushed stone composed of © a 
hard, tough, and durable particles. The gradation of the filter material will __ 
_ on the foundation sand being drained. | The gravel should be of a ‘size 7) 
_ and gradation that will prevent ‘ ‘inwash’’ of any appreciable quantities of sand _ 
~ into the well, and also of a size and gradation which will be retained by the — : 
Seren section of the well. The filter should also be considerably more pervious 


than the foundation These filter r requirements ‘may be met by a 


¥ an 
15% 8 size of filter 15% size of filter 
(85% size of foundation 15% size of foundation 
= addition to meeting these criteria, filters should be graded uniformly without 


- the perforations should be equal to, or less than, the 70% size of the filter — 


any lack or excess of particles ¢ of any particular size. To minimize segregation — 
during placement under water, the filter should be as uniform as 3 possible. and > 


There are many pervious. foundations that are sufficiently well graded a and | 

Which contain sufficient gravel to permit the installation of perforated well 
pipe without an artificial filter. Following installation, such wells should be 
. developed” by pumping and surging so as to build up a pervious filter around ee 
S the well screen. . The perforations i in the screen fora well (of this type should a 
bf 5 be of sufficient s size to permit, the e inwash of 8 sand within the immediate vicinity Saar, 
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-MANSUR ON RELIEF WELLS Discussions 


-sereens. if porous concrete pipe i is s used as a it should be fitted closely 
around the i inner pipe ‘and should have a wall thickness of at least 1 in., ie and 


preferably greater. It should drain the foundation material freely without 


inwash of sand (this. should be checked by , laboratory tests } prior to installa- 
tion). ~The 70% size of aggregate used in the —epemeaaes of the pipe should 

be greater than n the perforations of of the i inner ‘Pipe, sali teil a 


(Fuow, Gat PER Lin Fr) 


<n, 


OF WATER 
er 


0. 


ag a 4-in. inside diameter pipe, 1-in. wall 1 thickness. b Holes and slots seared with : a hotiron. ¢ ‘Uniformly 
gravel from No. 20 sieve to }-in., filter 8-in. thick. 


— 


= - The casing for pees wells may be installed by various methods; but the 


‘ method used should be one which will not cause any e} excessive disturbance of 


4 


centered in and held while filter is being 


obtain a continuous each increment it should be by 


immediately after and | again after each increment of casing has been 


equal to the depth of i f incre! ement of filter placed * The alternate placing 0 of filter 
: and withdrawi ing of casing should be continued until the filter has been placed 


5 to me ee. of the top of the screen section and the casing has been wii ith- 


capped, and connected to the c line or ditch in an 


the foundation sand ou outside the « casing. * Where filter materials ; are to be » placed 
around the well screen, the bottom foot of the hole should be filled with the | 
filter gravel prior to Placing the well. The screen should then be properly 


withdrawn. — _ The casing should be w ithdrawn in an amount approximately x 


+ ‘manner. . As pointed out 7 the authors the space around the riser pipe through 
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_———— qj filters surrounding them, is illustrated by the results of tests in a well tank, 
using a fine, uniform foundation sand (see Table 3). 
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Promptly of installation of ell it be pumped 
until a clear stream of water is obtained. Sometimes it is desirable to surge” 


= 


the well. When a well continues to produce sand it should be abandoned and 4 


new well constructed near sar by. . Abandoned wells should be plugged, and the 


riser pipe removed where possible 


Under the heading, “Design of Relief Well Systems,’ the 


that ‘a safety factor of 1.5 as applied to the critical gradient, 7. ~ 7 may a 


“satisfactory. The adequacy of this factor of safety depends, to a considerable — 7 
extent, on the completeness of the field exploration of the foundation and a 
stratum. . As illustrated by the authors, sand boils on the land side of dams i 
levees are the result of excessive hydrostatic pressures in a pervious oe, 
_ which offers communication of pressure and seepage from the river or — 
_ borrow F pits excavated to sand on the river - side of the structure. 7 If this su be 
terranean pressure creates a hydraulic gr radient ‘sufficient to cause ‘ “flotation” 
of the soil in cracks, holes, or other thin or Ww eak spots in the top stratum, : sand 
boils will appear. _ The gradient required to cause such flotation may be con- 
siderably less ‘than that theoretically required to cause flotation of the entire 

top stratum. As the foundation and top strata are » usually nonhomogeneous — 7 
in character, erosional seepage tends to concentrate in paths of least resistance Z 

to flow, causing sand boils to appear at localized spots instead of causing the 

entire foundation or ‘top stratum to become ‘quick. ” Because of the fore- 
going reasons, effect | of time on well- “screen efficiency, and the other uncer-— 
tainties of well design, a factor of safety of 2.0 may be warranted. if the flow = 
from the wells is more than necessary to provide adequate pressure reduction, 
the wells can alwa ays: be throttled dow n by valves, orifices, or other means ; 
~ how ‘ever, in some cases, , conditions or time may not permit the installation of. 
additional wells if the original design is not adequate. 
_ At various times, there has been considerable discussion on the increase ase of .. 7 
- total water on the land side of levees, occasioned by the installation of pressure- 

- relief wells. The primary purpose of pressure-r -relief wells i is to reduce the hy- 
drostatic pressure on the land side, or the downstream ‘side, of levees or rdeme. 
By 80 doing, the hydraulic gradient from the river or reservoir toward the land 
side is increased, of course, which therefore increases the landward flow a cer- 

tain amount. ‘The: writer knows of no field observations regarding the amount 
7 such i increase of land-side seepage ; but the following example, based on the | 
‘4 theory of critical gradient as presented by the authors, and ona study of oS 
ee by the writer, indicates the approximate increase of landward seepage 


that would be by drainage w wells. Begin four ‘assumptions: A water 


4 
7 


The flow through a pervious stratum a levee is 
- tional to the head drop from the river side to the land side. The maximum ~ 
hydrostatic pressure that can exist land side of the le levee would be ha = 8 x 0. a 
7.2 (Any ‘substratum pressure. greater than this would raise the | land- 
“side blanket. net hydrostatic head causing landward flow 


would be AH = 30 — 7.2 = 22.8 ft. The flow resulting from this head | drop pD 
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sand boils. a number of were installed to the 
: residual pressure on the land side to, say, h’ 2 = 1.0 ft, the rig flow \ would 
HF be that corresponding to a pressure drop a AH’ = 30 — 1 = 29 ft. In other 


he drainage wells would increase ‘the landward flow by 


tie 27%. The total flow that must be cared for by the surface dra 


age e system land side levees, flood time, is composed surface runoff 


going computations, it) may be seen "that the additional flow ng from 
drainage wells would be ‘relatively ‘small in most instances, considering | the 
total flow that must cared for by the surface drainage system. 


well system is the individual and ther 
unless the wells function properly, the best of theoretical designs will not 
accomplish their purpose. Therefore, some additional discussion of this aspect 


of well design and installation was considered warranted. 


36 JUN. J ASCE. bridging the gap between the mathe- 


- matician and the engineer in a . practical 3 manner, the authors have rendered | 4 | 
service to the ‘engineering profession. 7 The design of relief well systems has b been 3 


“paper isindeed timely, 


‘The mathematical development presented by the authors is for purely 


"hae artesian flow. A formula similar to Eq. 7a has been n developed by Phillipp 4 
Forchheimer® for gravity flow in a homogeneous soil, based upon J. Dupuit’s 


assumption that the gradient on any vertical is constant and equal to the slope 
of the seepage surface in the flow direction. _ The depth of saturation h at any 


“5 ‘point is given by: > 


Relief well systems are assuming such apse that the presentation of me 


(y + - 8) — cos7 


cosh j (y — 


discharge out of each well, is: 


%“*Hydraulik,” by Phillipp Forchheimer, B. G. Teubner, Leipzig and Berlin, 1930. 
Per: 7 Conrestion: In Eq. 7a, —— d to ein two ee For other corrections, read p. 235, February. 
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SON ON RELIEF WELLS 
The writer has had occasion to use the gravity eunations in 1 studies for a = 
that rests on a pervious foundation possessing a natural impervious top layer. Pa 
Over the downstream part of the foundation, this top layer had been removed. - 
to ) permit foundation drainage, which was hindered by foundation stratifica- 
tions by-passing: part o of the underseepage. ‘This ¢ condition created undes 
sirable uplift pressures ; at and | beyond the downstream toe of the dam. To os 
study the effect of pressure-relief wells, the gravity discharge, Qa was: — 
to the artesian seepage, Qo, that existed between the upstream end of the 


natural blanket and the upstream end of the stripped dam foundation, thus: — 


—to shine h, which is the — at the upstream end of the stripped foundation. 

In Eq. 64 AH is the difference in elevation between reservoir pool and tailwater i 

of the well discharge (head losses i in in the well considered to be negligible), ¢ and 

Lis the distance between the e upstream end « of the natural blanket and the up- ys ® 
stream end of the stripped foundation. With h, thus determined, the head at _ 
any desired location may be determined from Eq. 62. For conditions s studied, 
the head h, is s slightly less, and the heads midway between wells are slightly 


‘more (as | computed by the foregoing method), than those given for similar 


es An important item, as the authors have indicated, is the determination of 


the effective distance from the source to the line of wells. _ Information on this 
factor can be determined in ‘advance, when the wells are to be installed behind | 
_ existing dams or levees, by placing piezometers at various distances from the 
o or levee on the 1 water si side . Another method is to evaluate this distance by 2 
mathematical means®® after first determining the permeability and extent of the 
= stratum and. top stratum. | latter method must be used when 
piezometer observations cannot be made. The effective distance from the 
"source can also be determined for existing installations if the quantity of flow 
is known, together w with the permeability and oe dimensions of the —— 


: results which were all the same degree of acelin >> there were some 


differences, which probably can be explained. by the variations in field condi- = 


ae _ The behavior of the toe drainage provisions at one dam was studied by the 


Waterways Experiment Station (Vicksburg, Miss.) | in January, 1945. 
+ |The effect of closing the wells on the piezometric pressures in the line of 5 se 
. was very pronounced, since the head above ground surface increased from about | Ae a 


Su 


Ph: these readings were taken, the necessity of maleiaiéinn the wells in good oper- 
ating condition i is evident. Tests such as be 
de o only under closely controlled 
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4 studied the reduction in well discharge of the Sardis experimental well installa- 
tion. | Ay study of forty-s -six W wells completed i in 1 May, 19 1942, showed that, assum- 

he the initial output as s 100%, after two ye years the av average output of all wells 


had d dropped to 3. 35%. .~ ever, surging of the wells at that time increased 


j the s average well output to 567% of the or iginal output. The comparisons were 
“3 made at the same net head. These reductions may be caused by one or both. 

of the following: (1) Silting up of the bottom 1 of the reservoir ; and (2) clogging 
of the well screen or filter. c Inasmuch as the reservoir is fed by a a muddy river 
_ some silting probably occurs, although the total quantity of seepage flow has 
decreased materially according to other data available. The im- 


| - ; - provement of the wells after su surging indicates that the m major cause of f discharge 
~~ _ reduction i is screen clogging. - Such h clogging can be caused by imperfect filter 


? 


i. ‘The experimental wells were pulled during December, 1946, and the screens 
iy _Tevealed | corrosion | and deposition, especially those with fine screen or mesh 


—_— gs and those that w ere composed of iron» pipes with | brass screens or 


- of denderd CO. to render it c corrosive. re. The ratio 0 of the 85% § size e of the sand 
4 or gravel immediately adjacent to the screen to the size of screen opening 1g varied 
_ from 1.0 0 to 1.4 for the nonmetallic pipe ; whereas the ratio of the 15% size of the 
- filter gravel to the 85% s size of the foundation sand varied from 2.3 to 3.0. 
Some inwash of sand occurred during surging after initial installation. In view 


- * of the foregoing satisfactory ratios and the variations of the well discharges, it 

“ is evident that there was cither a progressive clogging of the well s screen, or 

£ filters, or both. The surging | in June, 1944, materially increased the flow, and 
ings as low as possible, since the change i in pressure head outside the screen to 
velocity head in the screen en releases CO, and other gases, thereby increasing 


thus it. probably partly cleared the screen clogging—but n not entirely. In 


general, it is desirable to keep the entrance velocity through the screen open- 


at the 1946 Annual Conference of the American Water Works Association, and 
which have been reported i in abbreviated form. These ‘Papers presented 
factual data showing that screen clogging and incrustation are common and 
that a reduction in well output with t time is to be expected to some degree. 
“The average life of screened wells under all conditions seems to be from 25 
to 30 years,” ’ according to E. W. Bennison, M. ASCE, and “Sufficient length | 
of experience is not available to forecast the life of gravel-packed wells but it 

is believed one- half of the value is gone in 15 “years, according to A. D. 
Henderson. Although © the conditions surrounding the use supply 
wells may be different from those surrounding the u use of relief \ Ww ells, the data 
mentioned i in this discussion are at least indicative. 3 


The experiences cited | herein necessity for pressure 


: useful life of rater-supply wells was the subject of six papers presented 
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less of ‘cieioer Ok be five 0 or fifty years. = From the data and e experience to — 
date, it appears necessary to consider carefully the materials of which the wells — 

are to be made, and the ground water and soil conditions at the site. ane a a 
the well system at Sardis Dam (Mississippi) it was yas found 
in the authors have stated) that wooden wells performed satisfactorily. — In 
this connection, it is interesting to record that slotted wooden wells have been — 
used for water supply purposes | for many years in Holland, and with satis- 
factory results. 7 The wells used i in that country are made of hard wood. — The | - 
wooden wells may be obtained with thin slots parallel to the grain, which are ral 
about 2s in. wide, 3 in. . long, and spaced at intervals of approxin mately 3 

around the outside of the pipe. . They may also be obtained with slots ol 
pendicular to the, grain but inclined upward, which would tend to minimize the 
possibility of sand being carried into the well. ee ri 

ra One item, which the writer believes to be especially important, is the de- 
termination of the discharge elevation of the wells. In general, it is highly | 
desirable that this elevation be as low as possible. Considerable care should 


be | given to this decision, as as it may mean the difference between a _— whieh 


is entirely satisfactory and one which is not. = ee 


Gravel filters artificially placed around relief wells are necessary if an ~ | 
quate natural filter is not developed by pumping and surging of the well. - The Hi 
relative : merits of of these two wo types ¢ of filter are somewhat controversial ; however, | 


use of one or the other is considered essential. 


On 


The writers are to! be congratulated for bringing the design of relief well 
‘ian to the attention of engineers in a timely and well- we aaaie paper. 
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“DISCUSSIONS 


A RATIONAL EXPLANATION, OF ‘COLUMN. 


BEHAVIOR 


By R. ROBINSON ANI ) GEORGE WINTER 


R. ‘Rosmson M. ASCE. use of the more precise e expression 
for the elastic curve of a uniform column, instead of the usual approximation, 
should be accompanied by af few words of its history and analogous applications 
in engineering. ng. The particular curve is known as the “arch of Yvon-Vil- 
larceau” from the name of the mathematician who according to Rankine first 
investigated its properties by the use of elliptic functions. — ‘It is the ct curve 
_ whose curvature is propor tional to distance from a directrix, or simply, | - ‘a 


James Bernoulli discovered this shape in the seventeenth century in his 
aj. study y of an indefinitely broad sheet st supporting a liquid mass. — . This is the 
“hy rdrostatic cord” assumed by sheet metal flumes; and the constant is the § 
unit tension divided d by the unit weight of the liquid. "Formulas equivalent to 
: Eq. 19d for seven cases have been developed by J. B. ‘Macphail, 7M. ASCE. 


Yvon-Villarceau found the same shape inverted for his” arch, designed to 
sy: support a fluid-like earth without moment. . This is also called the “hydro- 


static: arch. ” The constant, of course, is the unit. compression, or thrust, 
_ divided by the unit weight of earth. a4 ‘His formulas i in elliptic functions s and 
many special properties of the curve are quoted by Rankine.® ae 

et Ty ce Rankine noted the analogy between the hydrostatic arch, the hydrostati 
‘a a cord, and the elastic curve for a spring or column under the action of a _ pair of 


equal an and opposite end forces.® Eq. 3 by Rankine is equivalent to the author's 


on 


Lue Ea. : and Rankine’s Eq. 7, to the author’s Eq. 27b. In: addition to the author's 
= : ses (Table 2), Rankine showed several representative f forms of undulating 


Nore. .—This paper by Frederick L. Ryder was published in March, 1947, Protas 
6 Senior Bridge Engr., State Div. of Highways, Sacramento, Calif. pes 
Received April2,1947. ‘tine 
7“*The Engineering Journal, December, 1934, 528. 
‘Applied Mechanics,”’ by J. M. Rankine, 4th Ed., pp. 
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“May, 1947 ROWE ON COLUMN BEHAVIOR © 


‘distortion, which can on actually develop in free-ended columns with intermediate 
lateral support. 7 He did not repeat the elliptic expressions for the curve; but 
referred to those for the hydrostatic arch, and noted that the constant wa 

P and the e directrix, the neutral position of the column. 


Winter, M. ASCE. 10a_An elegant and 


treatment of some general features in the theory of elastic stability is pre- 
‘sented in this pa paper. It will be of value to men interested in this field, adele 

as a systematic presentation of known facts. «Ati is unusual, ina paper covering — 

such av vast and established field, not to find. a single r¢ reference to previous work — 

of other investigators.e Indeed, the only references given relate to texts in the nm 
field of pure mathematics, concerning the analytical tools used i in the deri- “a 

fa The origin of the analysis of columns beyond the Euler critical load a 
back to Bernoulli and Euler, i in the first half of the eighteenth century. . Com- 


“plete treatments of this | problem of the so-called “Elastica” are found in such 
standard texts as E. H. 1. Love’ “Mathematical of Elasticity” 


that all the shown Mr. Rede Table 2. 
thermore, the information in Table 1 is given by Professor Southwell with some - 
data added. * To be sure, there are differences of —_—om and detail, but 
f th his discussion of practical columns and beam columns by the small deflec- 
tion theory (differential Eq. 33), the author offers no information that cannot 
bef found in generally available publications. _ In particular, Eq. 34 merely re- 
presents a superposition of customary | solutions of beam columns as presented — 
by S. Timoshenko," D. H. Young, Jun. ». ASCE, and others. The derivation of 


the Euler load from a beam-column analysis, Eq. 36, can be found in any 


‘Numerical methods of integration to columns and beam columns 
“have been developed by N. M. Newmark, M. ASCE (among others). . Profes- 


sor Newmark indicates'® how his ean be extended into the large de- 


flection range; although, | in view of the purely academic interest of this problem, i 7 


he! omits its elaboration. — These numerical procedures: are identical in sub- 
“stance, although not “necessarily in detail, with those used by the ‘author. 


x 


i? 


It is not implied i in this Teview of the literature that the author’s material 


3 not new in some of its details and elaborations and that it was not independ- - 


"Associate Prof., Civ. Eng., Cornell Univ., Ithaca,N.Y. 
x An Introduction to the Theor . V. Southwell, Oxford Univ. Press, 2d Ed. Be 

Ibid., p. 430, Fig.112, 
of Elastic Stability,” by Timoshenko, MeGraw-Hill Book Co., Inc., New York 
ransactions, ASCE, Vol. 101, 1936, p. 
Vol. 108, 1943, p. 1187. 
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this paper and its methods, as well as its have par 
of established 1 knowledge for a considerable time. 
- With regard to its practical implications, it should be noted that the ms major 
_ part of this paper deals with phenomena beyond the Euler critical load . Inthe e 
first sentence of section 5, however, the author himself notes that “Columns 
>a loaded above the critical point, of course, would never be used as structural 


- members.” a This ‘substantial part of the paper, t therefore, is of 1 no oe 


6 
| 


—_ 


> 


‘to the designing engineer. As far as columns loaded below the critical 
point are concerned, Fig. 6 is tinlaadina: because practical columns do not 


behave i in the way & assumed for this figure, as is firmly established by numerous 
ae and analytical investigations. — Initial imperfections a 
- nonelastic behavior for shorter columns make this graph inapplicable. — ‘4 On the 
_ other hand, the methods of dealing v with practical columns as proposed by the 
aes in section 4 (beginning at Eq. 32) have long been used in practical design. 
The fact that in in this approach “ there i is no ee en an actual column” 


is part. and parcel of these methods. 
It is generally realized that ; the field of of on analysis and design i is in an 


a unsatisfactory state. This situation, however, is s not ¢ due to lack of analytical 
— on the behavior of isolated columns in the elastic range. ¥ Indeed, 
the details of this 3 topic | have been worked out in the most exhaustive | e manner; 

~ and the author’s: paper, r, dealing exclusively with : such isolated, elastic columns, 
adds no new evidence of in the practical | column range. 


ete | progress depends, are (a) the behavior o 
: elastic 3 range, and (b) the ‘analysis | of columns as component parts of structures 


(trusses, frames, bents) both in and beyond the elastic r range. ‘Itis hoped that 
future turn their | to w hich are of 
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